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ABSTRACT 
The Thiobacillus ferrooxidans ATCC 33020 ntrA and ntrC genes were isolated from a 
T. ferrooxidans pHC79 cosmid gene bank, and cloned in Escherichia coli. Novel 
strategies were used for the isolation of each gene, since standard methods, such as 
hybridization with an Azotobacter vinelandii ntrA gene probe, or complementation of 
E. coli ntrA or ntrC mutants followed by selection on arginine as a sole nitrogen 
source, had been unsuccessful. 
A method based on the inability of E. coli ntrA mutants to produce gas via the formate 
degradation pathway was developed for the isolation of the T.ferrooxidans ntrA gene. 
A T.ferrooxidans cosmid gene bank was transduced into the E.coli ntrA strain THI, 
and transductants containing the T.ferrooxidans ntrA gene were detected using a 
simple agar overlay technique on the basis of NtrA-dependent expression of the gas 
positive phenotype. The nucleotide sequence of a 2,8-kbp SalI-BglII fragment was 
determined. This fragment contained three open reading frames (ORFs), including 
the T. ferrooxidans ntrA gene, which encoded a predicted translation product of 
475 amino acids (aa) (calculated Mr 52972). This protein showed 51, 50, 49, 40, and 
28% aa sequence identity with the NtrA proteins from Klebsiella pneumoniae, 
Pseudomonas putida, A. vinelandii, Rhizobium meliloti, and Rhodobacter capsulatus . 
(NifR4 protein), respectively. An ORF coding for a protein of 241 aa 
(calculated Mr 27023) was situated 12-bp upstream of the T.ferrooxidans ntrA gene. 
This protein had 57% aa identity with the product of the ORFl located upstream of 
the R. meliloti ntrA gene. Downstream of the T.ferrooxidans ntrA gene the front end 
of an ORF, called ORF3, was identified. The predicted 78 N-terminal aa encoded by 
ORF3 showed 38, 38, 29, and 20% aa identity with conserved ORFs immediately 
downstream of the A. vinelandii, P. putida, K. pneumoniae, and R. meliloti ntrA 
genes, respectively. 
An E.coli ntrA strain, containing the T.ferrooxidans ntrA gene without the flanking 
ORFs, produced gas and reduced benzylviologen, an artificial electron acceptor, 
when grown anaerobically on formate. These phenotypes, which are characteristic of 
the E. coli formate hydrogenlyase pathway, were repressed when formate was 
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replaced by nitrate in the growth media. NtrA-dependent expression from either the 
E. coli fdhF, the T.ferrooxidans nijH, or the K. pneumoniae nijH promoter in the 
presence of the T.ferrooxidans ntrA gene was demonstrated using lacZ fusions in 
E. coli. Expression of anfdhF-lacZ fusion in E.coli THl cells was increased 7-fold 
above basal levels in the presence of the T. ferrooxidans ntrA gene, and was also 
repressed when formate was replaced by nitrate. Expression of either a 
T.ferrooxidans nijH-lacZ or a K. pneumoniae nijH-lacZ fusion in E. coli THl cells 
(containing a constitutively expressed K. pneumoniae nifA gene) was increased 
50-fold in the presence of the T.ferrooxidans ntrA gene. In the presence of either the 
E. coli ntrA gene (chromosomal copy) or the K. pneumoniae ntrA gene (cloned on a 
"plasmid vector) a similar increase in expression from the T.ferrooxidans nijH-lacZ 
fusion was observed (in the presence of the K. pneumoniae NifA). However, levels of 
expression of the K. pneumoniae nijH-lacZ fusion (in the presence of the 
K. pneumoniae NifA) were increased 400-fold in the presence of either the E. coli or 
the K. pneumoniae ntrA. 
NtrC-mediated expression of the T.ferrooxidans nijH-lacZ fusion was shown in 
E. coli cells grown under nitrogen-limiting conditions. An agar plate assay was 
developed for the detection of E.coli ntrC cells containing the T.ferrooxidans 
nijH-lacZ fusion which showed increased levels of ~-galactosidase activity. The 
T. ferrooxidans cosmid bank was transduced into the E. coli ntrC (T. ferrooxidans 
nijH-lacZ fusion plasmid) cells, and colonies were grown on a nitrogen-limited 
minimal medium. Cells which showed increased ~-galactosidase activity 
by virtue of formation of a strong yellow colour after flooding 
with o-nitrophenyl-~-D-galactopyranoside (ONPG) were selected. A 5,2-kbp 
Kpnl-HindITI subclone from one of the cosmids was shown to contain the 
T. ferrooxidans ntrC gene. The gene was localized by nucleotide sequence analysis of 
an internal 486-bp Clal-Bamm fragment. The predicted translation product of this 
section of the T.ferrooxidans ntrC gene showed homology to the N-terminal region 
of NtrC proteins from other bacteria. NtrC proteins from the enteric bacteria 
K. pneumoniae (76%) and E. coli (72%) showed the greatest aa sequence similarity. 
Expression in E. coli of the T.ferrooxidans nijH-lacZ fusion in the presence of the 
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1.1 Thiobacillus f errooxidans - the organism 
Thiobacillus ferrooxidans is a bacterium which is commonly found in rock-based 
environments containing a variety of metal ores (Vishniac, 1974). It is .a motile, 
Gram-negative, rod-shaped organism with approximate cell dimensions of 0,5 x 
1,5 - 2 µm. T.ferrooxidans is aerobic, acidophilic (pH 1,3 - 3,5), and mesophilic 
(20 - 37oC). This autotrophic chemolithotroph uses atmospheric CO2 as a sole source 
of carbon, and obtains its energy from the oxidation of either ferrous iron (Fe2+) to 
ferric iron (Fe3+) or reduced sulphur compounds to sulphuric acid (reviewed in 
Ingledew, 1982). T.ferrooxidans grows aerobically, with oxygen serving as the final 
electron acceptor in the oxidation process. Sulphur oxidation may also occur through 
a route involving an electron acceptor other than molecular oxygen (Sugio 
et al., 1985). A hydrogen sulphide:ferric iron oxidoreductase (SFORase) has been 
identified and purified (Sugio et al., 1987, 1988a). This enzyme plays a crucial role in 
this respiratory pathway where either of the metal ions - Fe+3, Mo+6, or Cu+2 - are 
reduced with elemental sulfur as the electron donor (Sugio et al., 1988b, 1990) . . 
T. ferrooxidans has been shown to grow on either ammonia or nitrate as sole nitrogen 
sources (Tuovinen et al., 1979)(section 1.6.1). Mackintosh (1978) showed that at 
least one strain of T. ferrooxidans was able to incorporate 15N2 label into cellular 
material, thus demonstrating that this bacterium was able to fix atmospheric nitrogen. 
1.1.1 The importance of T. f errooxidans in Industrial Biomining 
Bacterial leaching is playing an increasing role in the industrial extraction of metals 
from low grade mineral ores (Brierley, 1982; Curtin, 1983). Metals that have been 
extracted using biomining include copper (20% of the world market), uranium (50% 
of that extracted in Canada), and gold. This is not a new technological innovation, 
however, as the recovery of copper from the drainage water of mines was a 
widespread practice in the Mediterranean basin as early as 1000 BC. The large scale 
leaching of copper was well established by the 18th century at the Rio Tinto mines in 
3 
Spain (Brierley, 1982). The role of bacteria, as opposed to abiotic chemical reactions, 
in these processes was not recognized until 1947 when the presence of bacteria in acid 
mine drainage was reported (Colmer and Hinkle, 1947). 
Leaching is a hydrometallurgical process which consists of the dissolution of an 
insoluble mineral ore to produce a soluble compound. Micro-organisms that are 
involved in the leaching process range from the extreme thermophiles, such as 
members of the genus Sulf olobus, to the moderately thermophilic Sulfobacillus and 
acidophilic members of the genus Thiobacillus. The most predominant bacterium in 
most leaching environments is T. ferrooxidans and this has been attributed to its 
tolerance for the high acidity and high concentrations of metal ions which are 
associated with this habitat. Furthermore, the ability of T. ferrooxidans to obtain 
energy through the oxidation of ferrous iron and its autotrophic nature may explain its 
ability to out-compete other members of the genus Thiobacillus which are only able to 
oxidize sulphur compounds (eg. Thiobacillus thiooxidans) or exhibit heterotrophy 
(eg. Thiobacillus THI Brierley and Le Roux, 1977; Thiobacillus 
thermosulfidooxidans - Golovacheva and Karavaiko, 1977). The importance of mixed 
cultures in improving the efficiency of industrial biomining processes has been 
recognized. For example, enhanced bioleaching has been shown for mixed cultures of 
T.ferrooxidans and T. thiooxidans (Kelly et al., 1979). 
The recovery of gold from arsenopyrite-pyrite ores by leaching with T. ferrooxidans 
as the dominant organism has recently been scaled up from the pilot scale 
(Livesey-Goldblatt et al., 1983) to an industrial scale (Rawlings, 1991). The 
gold-bearing ore is crushed and then processed through a series of aerated tanks where 
the bacterial oxidation takes place. This step replaces the conventional "roasting" 
procedure and is followed by cyanidation to produce 92-95% yields. The industrial 
plant was commissioned in 1986 and is currently processing 18 tonnes of crushed ore 
concentrate per day (Rawlings, 1991). Although this is an "open" system 
(Rawlings, 1991) containing a mixed population of bacteria, T.ferrooxidans is 
regarded as the most important biotic component of the process. Mutation and 
selection over 5 y has produced a "super" strain of T.ferrooxidans which has enabled 
an 8-fold increase in the rate of the leaching process and a 13-fold increase in 
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resistance to the toxic arsenic which is solubilized during the bioleaching process 
(Rawlings, 1991). This success highlights the importance of T.ferrooxidans as a 
bioleaching agent not only in financial terms, but also in the desirability of repl~cing 
the polluting "roasting" stage with the less environmentally damaging bioleaching 
procedure. 
1.1.2 The chemistry of bioleaching 
An understanding of the chemistry of bioleaching processes provides an insight into 
the importance of bacteria in industrial biomining systems. Bioleaching is carried out 
by two mechanisms, namely direct and indirect leaching. Direct leaching involves 
bacterial enzymatic oxidation of the reduced mineral or ion without entry of this 
substrate into the bacterium itself. The electrons released by the oxidation reaction 
enter the cell and are passed along the respiratory electron transport chain to generate 
energy-rich adenosine triphosphate (ATP). In aerobic bioleaching organisms, such as 
T.ferrooxidans, oxygen would serve as the terminal electron acceptor. An example 
of a direct leaching reaction carried out by T. ferrooxidans on chalcopyrite (CuFeS2) 
is shown below: 
(i) 2CuFeS2 + 81fi02 + H2S04 ---> 2CuS04 + Fei(S04h + H20 
(Insoluble) (Soluble) 
Indirect or bacterial-assisted leaching is carried out by reaction of the products of the 
direct leaching process with the insoluble minerals, transforming them into the 
oxidized, S(?luble form. Chemical reactions of this nature would be carried out by the 
powerful oxidizing agents, such as ferric iron (Fe+3) and sulphuric acid, produced 
during the direct leaching process. In these chemical reactions ferric iron (Fe+3) is 
reduced to ferrous iron (Fe+2) which is rapidly re-oxidized by the bacteria. Fe+2 is 
stable in acidic solution, and therefore in the absence of bacteria chemical leaching 
mediated by Fe+3 would be limited by the availability of Fe+3. It has been estimated 
that leaching bacteria such as T. ferrooxidans can accelerate the oxidation process a 
million-fold by this recycling of the Fe+2 to Fe+3 (Brierley, 1982). This regeneration 
of the so-called "leach liquor" (containing oxidizing agents) by bacteria is the key to 
the success of industrial biomining. An example of indirect leaching is the chemical 
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oxidation of chalcopyrite (CuFeS2) by ferric sulphate (Fei(S04h) (reaction (ii)). The 
ferrous iron (FeS04) produced would then be rapidly reoxidized by T.ferrooxidans 
(reaction (iii)). 
(ii) CuFeS2 + Fei(S04)) -------> CuS04 + FeS04 
chemical 
(iii) 2FeS04 + H2S04 + 1/ 2 0 2 -------> · Fe2(S04h + H20 
biological 
1.1.3 Studies on the molecular biology of T. ferrooxidans 
In recent years the tools of recombinant DNA technology have been used in an effort 
to understand aspects of the molecular biology of T.ferrooxidans. These studies have 
been undertaken with a view towards the genetic manipulation of this bacterium for 
improved biomining capabilities. The development of a genetic system for 
T. ferrooxidans requires three major components: (i) a suitable plasmid vector, (ii) a 
selectable marker for stable maintenance of the recombinant construct in 
T.ferrooxidans, and (iii) a method of introduction of DNA into T.ferrooxidans cells. 
I 
1.1.3.1 The development of a genetic manipulation system for T. f errooxidans 
Several native plasmids have been isolated from T. ferrooxidans strains (Holmes 
et al., 1983; Rawlings et al., 1984). One plasmid, denoted pTF-FC2, is able to 
replicate in a wide variety of gram-negative bacteria, and the replication (Dorrington 
and Rawlings, 1989) and mobilization (Rohrer, pers. comm.) functions of pTF-FC2 
are currently being studied in detail. 
The use of antibiotic markers for selection of T.ferrooxidans strains is impractical as 
these compounds are inactivated at the low pH conditions required for the growth of 
this acidophile (Rawlings et al., 1983). Metal ion tolerance is an attractive alternative, 
and the chromosomally encoded mercury ion resistance genes recently isolated from a 
strain of T. ferrooxidans (Shiratori et al., 1989) have potential in this respect. 
The major stumbling block in the development of a genetic system for T. ferrooxidans 
has been the lack of a method of introduction of DNA into T. ferrooxidans cells. 
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There are four methods which have been used for this purpose in other bacteria: 
transduction, transformation, conjugation, and electroporation. Transduction is not 
feasible as no viruses which infect T. ferrooxidans are known. Standard 
transformation techniques, including the use of T. ferrooxidans spheroplasts, have 
been unsuccessful (E. Barros, PhD Thesis, University of Cape Town, 1985). 
Conjugation of broad host range plasmids between Escherichia coli and a variety of 
thiobacilli has been carried out (Davidson and Summers, 1983; Kulpa et al., 1983). A 
two-step mating procedure was employed in some experiments in an attempt to use 
non-iron-oxidizing thiobacilli, such as Thiobacillus novel/us and Thiobacillus 
intermedius as a bridge between E.coli and T.ferrooxidans (R. Ramesar, PhD Thesis, 
University of Cape Town, 1988). However, no successful transfer into 
T. ferrooxidans has been obtained. Electroporation is at present being attempted 
(Rohrer, pers. comm.). 
1.1.3.2 Advances in the understanding of the molecular biology of 
T. f errooxidans 
Basic studies on the molecular biology of metabolic processes in T. ferrooxidans are 
complementary to the above studies. They provide information on the regulatory 
signals required for gene expression in T.ferrooxidans, and enable the choice of 
source DNA from organisms which have genes that are most similar to 
T. ferrooxidans genes. This includes promoter sequences, regulatory elements, codon 
usage, and termination signals. 
The T.ferrooxidans genes for the enzymes glutamine synthetase (glnA)(Barros 
et al., 1985; Rawlings et al., 1987) and nitrogenase (nijHDK)(Pretorius et al., 1986; 
Pretorius et al., 1987; Rawlings, 1988), and the recA gene (Ramesar et al., 1988, 
1989) have been cloned and the nucleotide sequences have been determined. The 
former two, which are involved in nitrogen metabolism, will be discussed in section 
1.6.2. The product of the T.ferrooxidans recA gene was able to complement E.coli 
recA mutants for both the recombinase and protease (DNA repair) activities. 
Transcription for this activity was initiated from an adjacent plasmid vector promoter, 
as only weak expression was obtained in E.coli from the T.ferrooxidans recA 
promoter (Ramesar et al., 1988, 1989). 
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The study of genes whose products are involved in the unusual physiology of 
T.ferrooxidans, namely the ability to oxidize iron and sulphur, is particularly 
important. The gene for the iron-induced copper protein, rustacyanin, has been cloned 
(Kulpa et al., 1986), however no nucleotide sequence data is available. Another 
protein, which is induced on the transfer of T. ferrooxidans cells from sulfur medium 
to ferrous iron medium, was shown to be membrane bound (Mjoli and Kulpa, 1988). 
The approach of reverse genetics has been used in an attempt to clone the gene which 
codes for this protein. The aa sequence of a peptide derived from the purified protein 
was determined. This sequence was used together with the codon usage table derived 
from the nucleotide sequences of five T. ferrooxidans genes to design an 
oligonucleotide probe. Characterization of a positive clone identified from screening 
of a T.ferrooxidans cosmid gene bank is in progress (Mjoli, pers. comm.). 
Yates and Holmes (1987) have detected two families of repeated sequences in strains 
of T.ferrooxidans. Nucleotide sequence analysis of one of these families has revealed 
similarities with the structure of bacterial IS elements (Yates et al., 1988). Evidence 
that these may be involved in transposition has come from the observation that these 
strains of T. ferrooxidans are able to undergo "phenotypic switching" of colony 
morphology (Schrader and Holmes, 1988). This phenomenon is accompanied by the 
reversible loss of the ability to oxidize iron and therefore it is tempting to speculate 
that transposition or a site-specific inversion in T. ferrooxidans is a mechanism for 
enhancing its ability to adapt to changing environmental conditions (Rawlings 
et al., 1991). It is important to note that no representatives of the two families of 
repeated sequences mentioned above have been identified in the T. ferrooxidans 
strain, ATCC 33020, used in this PhD study (Yates and Holmes, 1987). 
1.2 Assimilation of nitrogen by bacteria 
Nitrogen is the basic component required for the synthesis of cellular macromolecules 
such as amino acids, purines, pyrimidines, amino sugars, and metabolites such as 
NAD and p-aminobenzoate. The most readily available source of nitrogen in most 
environments is ammonia, and for enteric bacteria such as E. coli and Salmonella 
typhimurium this is the preferred source of nitrogen (Reitzer and Magasanik, 1987). 
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In those environments where ammonia is not available many bacteria are able to take 
up nitrogen as inorganic compounds such as nitrate, nitrite, urea, or diatomic 
atmospheric nitrogen. Many organic compounds such as arginine, omithine, 
histidine, and proline are used by bacteria as sole sources of nitrogen (Tyler, 1978). 
There also exist metabolic pathways within bacteria for the catabolism of nitrogen 
containing compounds whereby nitrogen may be recycled within the cell. The central 
role of ammonia appears to be paramount and most cellular nitrogen is derived either 
from direct incorporation from ammonia or through the metabolic intermediates 
glutamine and glutamate which require ammonia for their synthesis. 
1.2.1 Ammonia assimilation in enteric bacteria. 
The cycling of nitrogen through ammonia, glutamine, and glutamate has been studied 
most extensively in the Gram-negative enteric bacteria E.coli and S. typhimurium 
(reviewed in: Tyler, 1978; Magasanik, 1982; Magasanik and Neidhardt, 1987; Reitzer 
and Magasanik, 1987; Magasanik, 1988). Three key enzymes are believed to play a 
pivotal role in this process, namely glutamine synthetase (GS, EC 6.3.1.2), glutamate 
synthase (GOGAT, glutamine-oxoglutarate amido transferase, EC 1.4.1.13) and 
glutamate dehydrogenase (GOH, EC 1.4.1.4.). The reactions catalyzed by these 
enzymes are shown below: 
GS 
a) NH3 + glutamate+ ATP ----> glutamine + ADP + Pi 
GOGAT 
b) glutamine + a-ketoglutarate + NADPH ----> 2 glutamate+ NADp+ 
GOH 
· c) NH3 + a-ketoglutarate + NADPH ------>glutamate+ NADP+ 
GS is regarded as the most important enzyme in the cycling of nitrogen in enteric 
bacteria as this is the only known biosynthetic route for the synthesis of glutamine. 
This is in contrast to members of the family Rhizobiaceae, such as Rhizobium meliloti, 
Bradyrhizobium japonicum, and Agrobacterium tumefaciens, which contain a second 
glutamine synthetase enzyme, GSII (Darrow et al., 1981). This enzyme is structurally 
related to GS of higher plants (Carlson and Chelm, 1986). A novel third locus, glnT, 
which appears to consist of a complex operon and is clearly capable of directing the . 
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synthesis of glutamine in an E.coli background, has been identified from 
A. tumefaciens (Rossbach et al., 1988) and R. meliloti (de Bruijn et al., 1989). 
GS in the enteric bacteria is not only responsible for glutamine synthesis, but is also 
required for the assimilation of ammonia under conditions of ammonia limitation. 
Consequently, both the catalytic activity and synthesis of GS are highly regulated 
(Tyler, 1978; Magasanik, 1982). All of these regulatory systems function in response 
to levels of available nitrogen, which is sensed with respect to the intracellular ratio of 
glutamine to a-ketoglutarate. A low ratio signals nitrogen limiting conditions and 
results in the positive regulation of GS activity and expression. Regulation at each 
level is linked in a complex "bicyclic cascade" (Chock et al., 1985; Rhee et al., 1985; 
Reitzer and Magasanik, 1987; Magasanik, 1988). The Prr protein (encoded by the 
glnB gene) forms a common link between the regulation of the activity of GS by 
adenylylation and the regulation of expression of the glnA gene encoding GS by the 
products of the ntrB (glnL) and ntrC (glnG) genes (Ntr regulatory system) (Garcia and 
Rhee, 1983; Bueno et al., 1985; Son and Rhee, 1987). 
The regulation of catalytic activity by adenylylation will be discussed here, while the 
Ntr regulatory system will be discussed in section 1.2.2. Bacterial GS consists of a 
dodecamer of identical subunits. Regulation of catalytic activity is carried out by the 
covalent addition of an AMP group to a tyrosine residue in each subunit. This 
adenylylation inactivates each individual subunit so the overall activity of the enzyme 
is inversely related to the number of adenylylated subunits. This process involves a 
cascade system whereby the nitrogen status of the cell is sensed by a bifunctional 
polypeptide which is able to add or remove uridylyl groups from the P11 protein, 
which in turn is able to dictate the direction of adenylylation or deadenylylation of 
each GS subunit by an adenylyltransferase (ATase)(Garcia and Rhee, 1983). 
Consequently, under conditions of nitrogen excess (high glutamine/a-ketoglutarate), 
P11 is deuridylylated and promotes adenylylation of GS. Conversely, under nitrogen 
limiting conditions (low glutamine/a-ketoglutarate), Pn becomes uridylylated and 
directs deadenylylation of GS by A Tase resulting in GS with increased catalytic 
activity (Stadtman et al., 1980; reviewed in Reitzer and Magasanik, 1987). 
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A second level of regulation is through cumulative feedback inhibition by the 
products of glutamine metabolism. The adenylylated form of GS is inhibited partially 
by each of the following compounds: L-alanine, glycine, histidine, tryptophan, CTP, 
AMP, carbamyl phosphate, and glucosamine-6-phosphate. This inhibitory effect is 
cumulative and together these compounds inhibit GS completely (Stadtman and 
Ginsberg, 1974). 
Under conditions of ammonia limitation ( < 0,1 mM) the synthesis of glutamate is 
carried out by a two step process involving GS and GOGAT. Ammonia is 
incorporated into glutamine by GS followed by the synthesis of glutamate from 
glutamine by GOGAT. The removal of glutamine by GOGAT under nitrogen 
limiting conditions is important otherwise the cellular machinery would respond to the 
accumulation of glutamine and signal inappropriately the repression of Ntr regulated 
systems (Reitzer and Magasanik, 1987). The role of GDH appears to be the synthesis 
of glutamate under conditions of excess ammonia in the growth medium (> 1 mM). 
The absence of ammonia in the growth medium is considered nitrogen limiting 
despite the presence of an alternative organic nitrogen source such as arginine or 
histidine. Growth under these conditions is slower than in the presence of ammonia 
and the levels of GS are high. This indicates that the growth limiting factor is the rate 
of ammonia generation from the alternative nitrogen source and of its subsequent 
assimilation (Reitzer and Magasanik, 1987). The degradative enzymes and transport 
systems for these alternative nitrogen sources are subject to Ntr control (Shaibe 
et al., 1985; Kustu et al., 1979) and therefore show the same patterns of regulation as 
the g lnA gene. 
1.2.2 Ntr system of transcriptional regulation 
1.2.2.1 The glnALG (glnAntrBC) operon. 
The glnALG operon is at the centre of the global Ntr nitrogen regulation system and 
the expression of this operon has been studied extensively in the enteric bacteria 
E.coli (Chen et al., 1982; MacNeil et al., 1982b; Pahel et al., 1982; Ueno-Nishio 
et al., 1983, 1984; Reitzer and Magasanik, 1985, 1986), and S. typhimurium (Garcia 
et al., 1977; Wei and Kustu, 1981; reviewed in Kustu et al., 1986; Keener 
et al., 1987), as well as in Klebsiella pneumoniae (de Bruijn and Ausubel, 1981; Espin 
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et al., 1982; Alvarez-Morales et al., 1984; Macfarlane and Merrick, 1985, 1987). The 
pattern of regulation appears to be similar in all three organisms. GlnA is the 
structural gene for GS while the products of glnL (ntrB) and glnG (ntrC) are the 
regulators NRrr (NtrB) and NR1 (NtrC), respectively. The operon contains three 
promoters: glnApl, glnAp2, and glnLp (Fig. 1.1). 
High N 
NRr NRr NRr 
&--, g c::, • c:::9, 
Apt Ap2 A T Lp L G 
Low N 
Fig. 1.1. Transcription of the glnALG operon under nitrogen limiting and nitrogen 
excess conditions. o, promoters; "v, NRi-binding sites; • , terminator (after 
Magasanik, 1988). 
GlnApl and glnLp show sequence similarity to the canonical -35, -10 E.coli promoter 
sequences and are therefore recognized by cr70-RNA polymerase (Ecr70), while 
glnAp2 has a promoter which is quite different and this is recognized by a form of 
RNA polymerase bound to a specialized sigma factor denoted cr54 (Ecr54). cr54 is 
encoded by the ntrA (glnF, rpoN) gene. The expression of the operon is autogenously 
regulated by NR1. In cells growing in nitrogen excess, the transcription is initiated at 
glnApl and glnLp. This serves to maintain a basal level of GS, NR1, and NR11. 
Initiation of transcription at g lnAp 1 is further stimulated under conditions of carbon 
limitation by the catabolite gene-activator protein (CAP) and cyclic AMP (cAMP) 
(Magasanik and Niedhardt, 1987). Approximately three out of every four transcripts 
from glnApl terminate at a rho-independent terminator upstream of glnLp. 
Concomitantly, transcription is repressed by NR1• Binding sites for NR1, 
characterized by the nucleotide sequence GCACN5 TGGTGC, overlap the -35 region 
of glnApl and the -10 region of glnLp. There are five NR1 binding sites upstream of 
glnAp2 and two of these, NR-1 and NR-2, which overlap glnApl are bound with high 
affinity by NR1. Thus, under nitrogen excess, NR1 limits the synthesis of both GS and 
itself. This results in a concentration of about five molecules of NR1 per cell. 
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Nitrogen deprivation results immediately in the activation of the initiation of 
transcription from glnAp2. This is possible as Ecr54 is bound to glnAp2 in an inactive 
closed promoter complex irrespective of nitrogen-status (Reitzer et al., 1987). 
Transition of this closed promoter complex to an active open promoter complex is 
stimulated by the activator form of NR1. The activation of NR1 by NR11-mediated 
phosphorylation comprises the second component of the "bicyclic cascade" regulation 
of GS in response to nitrogen status. The ratio of glutamine to a-ketoglutarate is 
sensed by the uridylylation system which controls the modification of the P11 protein 
which not only mediates the adenylylation status of GS as was discussed in section 
1.2.1, but also mediates the phosphorylation status of NR1 through interaction with 
NR11. The scheme for this control is outlined in Fig. 1.2 . 
.--------"-. NR (no transcription) 
NR( phosphate I v I of glnAp2 
4UMP 
stimulated by 
a high glutamine 




stimulated by a 
low glutamine to 
2-ketoglutarate ratio 
liJliii,, N R _ phosphate ( transcripti<?n of ) 
I glnAp2 activated 
Fig. 1.2. Regulation of expression at the glnAp2 promoter of the glnALG operon; 
(after Reitzer and Magasanik, 1987). 
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The phosphorylated form of NR1 (NRrP04) is the activator form and the role of NR11 
is to phosphorylate NR1• This phosphorylation is a reversible reaction (Ninfa and 
Magasanik, 1986; Ninfa et al., 1986). The phosphorylation of NR1 is carried out by a 
two-step process. The first step is the reaction between NR11 and ATP which results 
in the attachment of the y-phosphate of ATP to a histidine residue of NR11• The 
phosphate is then transferred to an aspartate residue of NR1 by a reaction with NR11• 
NRrP04 activates transcription from the glnAp2 promoter, which results in increased 
intracellular levels of GS and NRrP04. This activation continues as long as the 
glutamine/a-ketoglutarate ratio remains low (nitrogen limitation) and P11 remains in 
its uridylylated form (Fig. 1.2). NRrP04 is dephosphorylated to its repressor form 
very rapidly when conditions of nitrogen excess occur and this reaction is signalled by 
the removal of the uridylyl residues from P11, which in this unmodified form is. 
required together with NR11 for the removal of the phosphate group from NRrP04• 
NR1 is thus rendered unable to activate transcription from glnAp2 (Fig. 1.2). 
Enhancer qualities of the NR1 UAS's, and recent discoveries in the mechanisms of 
transcriptional activation by NRrP04 will be discussed in Chapter 5. 
1.2.2.2 Other Ntr regulated operons. 
Apart from the glnALG operon several other genes whose products are involved in 
nitrogen metabolism are regulated by the three components of the Ntr regulatory 
system: cr54, NR1, and NR11• This includes ammonia and glutamine uptake systems in 
E. coli, which increase the ability of the cell to scavenge a diminishing supply o_f these 
nitrogen sources (Servin-Gonzalez and Bastarrachea, 1984; Jayakumar et al., 1986; 
Nohno et al., 1986). The expression of genes which encode the uptake systems for 
arginine (argT gene expressed from the argTr region) and histidine (hisJQMP operon 
expressed from the dhuA region) in S. typhimurium have been shown to be under 
transcriptional control by the Ntr system (Kustu et al., 1979; Stem et al., 1984). The 
nucleotide sequences of the argTr and dhuA regions have revealed NR1 binding sites 
and promoters which may be recognized by Ecr54, and it has been shown for argTr, at 
least, that these are the regions of Ntr control (Higgins and Ames, 1982; Schmitz 
et al., 1987, 1988). The Ntr regulatory system is responsible for the first step in the 
regulation of expression of nitrogen fixation genes in bacteria such as K. pneumoniae 
as will be discussed in section 1.3.2.3. 
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1.3 Nitrogen Fixation 
Biological nitrogen fixation (Ni-fixation) is a phenomenon exhibited by members of 
divergent prokaryotic taxonomic groups (Burns and Hardy, 1975). These include 
Azotobacteriaceae, Enterobacteriaceae, Rhodospirillaceae, Bacilliaceae, 
Rhizobiaceae, Actinomycetaceae, and Cyanobacteria. The fixation of atmospheric 
dinitrogen (N2) is the process whereby these organisms reduce N2 to ammonia (NH3), 
which is a source of nitrogen which may be readily incorporated into cell constituents 
as discussed in section 1.2. This ability, termed diazotrophy, is an important property 
for those organisms which inhabit environments which lack fixed nitrogen. 
The current research interest in Ni-fixation is enormous and this can be attributed to 
the possible benefits that biological N2-fixation poses for world agricultural yields. It 
is estimated that industrial nitrogen fertilizer chemically fixed from the atmosphere by 
the Haber process supports a third of the world's population (Postgate, 1989). The 
rate of human population growth indicates that over the next few decades the net input 
of fixed nitrogen into the world's agricultural soils will have to increase dramatically. 
There is much hope ( as well as reason behind scientific project proposals for funding) 
that improvements in the current exploitation of biological Ni-fixation and the 
development of novel Ni-fixation systems will address this shortfall. 
A rational explanation of biological Ni-fixation and the isolation of the bacteria 
responsible was reported a little over 100 y ago by Hellriegel and Wilfarth and by 
Beyerinck, respectively (discussed in Quispe!, 1988); and since then many discoveries 
have enabled dissection of the process in great detail (Burris, 1988). The power of 
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mutational studies and recombinant DNA technology is reflected in the increase in 
research into the genetics of N2-fixation during the last two decades. 
The ambit of this study does not justify a complete review of biological N2-fixation 
processes, consequently the genetic regulation of Ni-fixation will be focussed upon. 
Two major types of N2-fixation systems have been studied most extensively: (i) 
bacteria that are diazotrophic in the free living state, such as K. pneumoniae and 
Azotobacter vinelandii; and (ii) bacteria, such as R. meliloti and B. japonicum, that fix 
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nitrogen in symbiotic relationship with leguminous plants. The genetic regulation of 
Ni-fixation in K. pneumoniae will be discussed and where relevant comparisons will 
be made with other nitrogen fixing systems. 
1.3.1 Physiological regulation of nitrogen fixation 
Nitrogen fixation is energetically expensive (approximately 28 moles of ATP required 
per mole of nitrogen fixed; Postgate, 1982), and requires a complex metabolic 
machinery. Many bacteria employ Ni-fixation only under conditions when there is an 
absence of more easily assimilable nitrogen sources, consequently several 
mechanisms exist to ensure that the N2-fixation system is active only under 
appropriate circumstances. This regulation consists of two components: inhibition of 
the activity of the nitrogenase enzyme by environmental factors, and the 
transcriptional regulation of the N2-fixation genes. 
The most important physiological constraint is that imposed by the oxygen sensitivity 
of the nitrogenase enzyme (Kelly, 1969). Various mechanisms have evolved in 
diazotrophs for protecting the enzyme system from 0 2 denaturation. K. pneumoniae 
will only fix nitrogen under strict anaerobic conditions. Members of the genus 
Azotobacter exhibit several physiological responses which reconcile the strongly 
reductive process of Ni-fixation with oxidative phosphorylation (reviewed in 
Haaker et al., 1988). These include respiratory protection, which is not a nif-specific 
phenomenon, but it does serve to increase the rate of respiration in response to 
increases of environmental oxygen (Drozd and Postgate, 1970). Other methods 
involve an increase in intracytoplasmic membranes and conformational protection of 
the nitrogenase enzyme by reversible complex formation with a Fe/S protein in 
response to an increase in 0 2 concentration (Post et al., 1983; Scherings et al., 1983). 
Compartmentalization is a method used in the cyanobacteria, which set aside specific 
nitrogen fixing heterocyst cells which are separate from the photosynthesizing cells. 
The most sophisticated compartments for restricting access of oxygen to nitrogenase 
are the nodules of leguminous plants. These nodules are the result of colonization by 
members of the families Rhizobiaceae and Bradyrhizobiaceae, and their characteristic 
pink colour is due to a haem-protein, leghaemoglobin. This protein binds 0 2 which 
enables it to supply oxygen to the bacteroids (rhizobia that have colonized the root 
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nodules), but at a concentration low enough not to damage the nitrogenase (reviewed 
in Postgate, 1982). 
Control of gene expression is a second level of regulation which enables repression 
and derepression of nitrogenase activity in the presence and absence of oxygen and 
fixed nitrogen sources, respectively. 
1.3.2 Nitrogen fixation genes and their products 
K. pneumoniae is a facultative anaerobe, and as it has been investigated most 
extensively it is often regarded as the model for the study of the genetic regulation 
amongst free-living diazotrophs (Drummond, 1984; Ausubel, 1984), however much 
understanding has been obtained in recent years concerning the N2-fixation system of 
members of the genus Azotobacter which are aerobic free-living diazotrophs 
(Merrick, 1988). 
1.3.2.1 Organization of nif genes in K. pneumoniae and A. vinelandii 
The K. pneumoniae nif regulon is confined to a single cluster of chromosomal genes 
adjacent to the histidine biosynthesis genes (MacNeil et al., 1978). Physical mapping 
(Riedel et al., 1979), genetic mappmg involving transposon mutagenesis 
(Merrick et al., 1980), and nucleotide sequencing (reviewed in Merrick, 1988; 
Arnold et al., 1988; Cannon et al., 1988) have revealed that this regulon comprises 20 
genes in eight transcriptional units extending over 23-kbp (Fig. 1.3). The structural 
enzyme at the core of the Ni-fixation process is termed nitrogenase, which is a 
molybdenum requiring enzyme in K. pneumoniae. This is made up of the Fe-protein 
(Dinitrogenase reductase, component 2, or Kp2) which consists of two identical 
subunits encoded by the nifH gene, and the Mo-Fe-protein (Dinitrogenase, component 
1, or Kpl) which is a tetramer consisting of dimers of the products of the nifD and 
nifK genes (Fig. 1.3). The product of nifM has been implicated in Fe-protein 
maturation. The products of nifQ, nifB, nifE, nijN, and nifV are thought to be involved 
in the synthesis of Mo-Fe-cofactor which forms part of the active site. The roles of 
nijY, nifU, nifS, nifZ, nifW, nifC and nifI' products are presently not clearly 
understood. The nifL, nif A, and nifX products are regulatory proteins 
(Fig. 1.3)(reviewed in Merrick, 1988; Gosink et al., 1990). 
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Fig. 1.3. Map of the nif gene cluster in K. pneumoniae. The roles of the gene products 
are indicated schematically by the vertical arrows above each gene. The horizontal 
arrows indicate the extent and direction of each transcript, black dots representing the 
location of cr54-dependent promoters (after Dixon, 1988). 
A maJor difference between the Ni-fixing system in K. pneumoniae and the 
Azotobacter's is the existence of "alternative" nitrogenase enzymes in members of the 
latter group (Bishop et al., 1980, 1986; reviewed in Bishop and Joerger, 1990). These 
enzymes consist of components encoded for by different genes to those encoding the 
molybdenum nitrogenase. These "alternative" nitrogenase enzymes replace the 
Mo-nitrogenase when the cells are in an environment devoid of Mo. Both 
A. vinelandii and Azotobacter chroococcum possess a second (vanadium(V)-
containing) nitrogenase (Hales et al., 1986; Robson et al., 1986a). A third nitrogenase 
is synthesized by A. vinelandii in an environment without either metal 
(Chisnell et al., 1988). These alternative systems are encoded by reiterated genes. A. 
chroococcum has second copies of the nifHDK and nifEN genes (designated H*D*K* 
and E*N*). A. vinelandii has three copies of nifHDK, designated 1,2, and 3. A recent 
study has shown that a nifHDK deletion mutant of the purple non-sulphur 
photosynthetic bacterium Rhodobacter capsulatus shows slow diazotrophic growth in 
molybdenum-free medium, implicating the presence of an "alternative" nitrogenase 
system (Klipp et al., Eighth International Conference on Nitrogen Fixation, 1990). 
The nif A/nijB gene region is duplicated in this organism (Klipp et al., 1988; 
Masepohl et al., 1988). 
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1.3.2.2 Organization of nif genes in other bacteria 
The organization of nif genes in the bacteria studied to date range from a tightly 
linked cluster of operons (as shown for K. pneumoniae) to a dispersed set of genes. 
These genes may be located on the chromosome or on plasmids. The reiterated nif 
genes of the Azotobacter's are unlinked and situated on the chromosome. In 
Azospirillum brasiliense Ni-fixation is encoded for by nif and fzx genes which are 
scattered on at least 65-kbp of genonuc · DNA (Elmerich et al., 1988; 
Singh et al., 1989). Some strains of Enterobacter agglomerans were found to contain 
a large plasmid carrying a tightly linked nif gene cluster (Singh et al., 1988). This 
differed in organization from the K. pneumoniae nif cluster (Fig. 1.3) in that the nifJ 
and nifF genes were positioned and potentially co-transcribed at the opposite end of 
the cluster to the nift{DK genes (Klingmiiller, pers. comm.). The Anabaena nift{ and 
nifD genes are adjacent but are separated from nifK by 11-kbp of DNA in 
non-nitrogen fixing vegetative cells. Under conditions of nitrogen deprivation and 
heterocyst differentiation this organism displays a novel form of positive regulation 
by excision of this 11-kbp fragment by site-specific recombination to produce a 
contiguous active nift{DK operon (Golden et al., 1985, 1987; reviewed m 
Haselkorn, 1986). A second deletion of 55-kbp reconstitutes the nifB-fdxN-nifSU 
operon in a similar manner (reviewed in Haselkorn, Eighth International Conference 
on Nitrogen Fixation, 1990). B. japonicum displays a complex organization of nif and 
fzx genes in two major chromosomal clusters (Hennecke et al., 1988). A complex 
organization of nif, fzx, and nod genes are borne on large plasmids in member~ of the 
genus Rhizobia, such as R. meliloti (Kondorosi et al., 1988; reviewed in Long, 1989). 
This variation in organization of nif genes raises the question as to what came first: 
the clustered or dispersed organization? The answer to this is not clear. Two theories 
have been put forward to explain the evolution of nitrogen-fixation systems: (i) The 
seemingly haphazard distribution of nitrogen-fixing ability, even amongst strains of 
the same genus, indicates a common origin followed by divergent loss. This is 
supported by the congruence between the rate of divergence of eight nitrogenase 
Fe-protein sequences and the rate of divergence calculated for the 16s-RNA 
sequences of the same eight species (Hennecke et al., 1985). (ii) The identification of 
plasmid-borne Ni-fixation systems and the ease with which nif transfer can occur in 
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the laboratory (Dixon and Postgate, 1972; Dixon et al., 1976; Postgate and 
Kent, 1987) implies that lateral nif gene transfer could occur (Postgate, 1982; Postgate 
and Eady, 1988). Biochemical and genetic studies on the nitrogen fixing systems of 
the archaebacteria and their relationship to the eubacterial nitrogen fixing systems 
may provide some answers to these fundamental questions (Postgate, 1989). 
1.3.2.3 Regulation of nif gene expression in K. pneumoniae 
K. pneumoniae nif gene transcription is regulated by a two-tier cascade system. The 
first level of control involves the Ntr regulatory circuit which through cr54, NR1, and 
NR11 regulates the expression of the nifLA operon in response to the cell's nitrogen 
status (Merrick, 1983; Drummond et al., 1983). This regulation is similar to that 
described in section 1.2.2.1. The second level of control is mediated by the regulatory 
proteins NitL and NifA (products of the nifLA genes) and. cr54 which regulate the 
other nif operons in response to both 0 2 and N-status (Buchanan-Wollaston 
et al., 1981b; Ow and Ausubel, 1983; reviewed in Gussin et al., 1986)(Fig. 1.4). 
A common feature of all nif operons in K. pneumoniae is the consensus promoter with 
conserved -GG- and -GC- doublets at approximately positions -24 and -12 with 
respect to the transcription start site, respectively. This was initially observed in 
K. pneumoniae (Beynon et al., 1983) however it also appears to be a feature of nif 
genes m Rhizobium, Azorhizobium, and Bradyrhizobium (reviewed m 
Gussin et al., 1986), Azotobacter (Brigle et al., 1985; Robson et al., 1986b), 
T.ferrooxidans (Pretorius et al., 1987), E. agglomerans (Kreutzer et al., 1989), and 
Desulfovibrio (Merrick, 1988). This consensus promoter has been found to be the site 
recognized by the form of RNA polymerase complexed to cr54 (Ecr54) and therefore 
has been termed a cr54-dependent promoter (an alternative name is a NtrA-dependent 
promoter, because cr54 is encoded by the ntrA gene). cr54-dependent promoters are 
not confined to nif and Ntr-regulated genes (section 1.2.2) but appear to be a feature 
of genes whose products have diverse physiological roles (section 1.4; reviewed in 
Kustu et al., 1989). 
The cr54-dependent promoter is a feature common to both levels of regulation of 
K. pneumoniae nif gene expression, so the question that one may ask is: how is this 
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regulation exercised in sequential order without a short circuit by direct activation of 
all the nif operons by NR1 when this becomes activated in response to nitrogen 
limitation? The fine-tuning of expression from a54-dependent promoters relies on 
three factors: (i) the DNA sequence adjacent to the invariant GG,GC pairs, (ii) the 
recognition sequence upstream of the a54-dependent promoter for the activator 
protein, and (iii) the activator and repressor proteins. 
It has been shown that a54, NR1, and NR11 purified from K. pneumoniae are required 
together with core RNA polymerase to direct transcription from the nifLA promoter 
(pnifLA)(Austin et al., 1987; Wong et al., 1987). Phosphorylation of NR1 by NR11, as 
described for the E. coli Ntr system, is required for activation at the K. pneumoniae 
pnifLA (Ninfa and Magasanik, 1986; Minchin et al., 1988). However, a 5-10 fold 
greater concentration of NR1 was required for activation of pnifLA than for glnA.p2. 
This reflects the absence of high affinity NR1 binding sites in pnifLA (two low affinity 
sites at -142 and -163 have been identified) as compared to the glnA promoter. 
Co-operative binding of NR1 at these two sites in pnifLA appears to be required to 
achieve maximal activation (Contreras and Drummond, 1988; Minchin et al., 1988). 
A further difference between pnifLA and glnA.p2 is that transcription from pnifLA 
in vitro is dependent on negative supercoiling at physiological salt conditions 
(Dixon et al., 1988) and is reduced in vivo by mutations in DNA gyrase and gyrase 
inhibitors (Dimri and Das, 1988). Minchin et al. (1989) have shown that NR1 
mediated activation of pnifLA is face-of-the-helix dependent both in vivo and in vitro 
and that Ea54 does not make strong contacts with the -24,-12 region of pnifLA. Both 
of these features are in contrast with expression from glnAp2 (Magasanik, 1988). 
Consequently, NRrP04 is required for stabilization of the interaction of Ea54 with 
pnifLA. 
These data are consistent with the model that transcription of pnifLA is only initiated 
once the intracellular level of NRrP04 is high, which would occur once the cells were 
subjected to severe nitrogen starvation. This control would be carried out because 
Ea54 is unable to form a stable closed promoter complex at pnifLA in the absence of 
NRrP04, in contrast to glnA.p2 (point (i) above). NRrP04 mediated transcription at 
pnifLA produces the NifL and NifA proteins and these proteins regulate expression of 
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not only all the other nif genes, but are also capable of autogenously regulating 
expression from pnijLA. 
This second tier of regulation is distinguished from the regulation at pnijLA by 
differences in the activator and repressor proteins, and the activator protein 
recognition site (points (ii) and (iii) above). Consequently, the absence of NR1 
binding sites upstream of the other nif genes prevents short circuiting and activation 
byNRrP04• 
The other nif promoters contain a conserved upstream activator sequence (UAS) with 
a consensus TGT-N10-AGA which is located more than 100 bp from the transcription 
initiation site (Buck et al., 1986, 1987b). Methylation protection studies have 
demonstrated that this is the site of NifA binding in vivo (Morett and Buck, 1988). A 
helix-tum-helix (HTH) motif situated in the carboxy-terminus of the protein has been 
shown to be responsible for DNA binding at the UAS of the niftl promoter 
(Morett et al., 1988). NifA therefore acts as the activator of the nif operons and the 
current model inv9lves looping of the DNA between the UAS and the nif promoter to 
enable interaction between NifA bound at the UAS and Ecr54 at the nif promoter 
(Buck et al., 1987a; Buck and Cannon, 1989; Hoover et al., 1990). Integration host 
factor (IHF), which has been shown to bend DNA (Robertson and Nash, 1988), has 
been implicated in this process. Purified E.coli IHF has been shown to bind to a 
region between the UAS and cr54-dependent promoter of niftl genes from several 
bacteria, including K. pneumoniae, R. meliloti, and A. vinelandii (Santero et al., 1989; 
Santero et al., Eighth International Conference on Nitrogen Fixation, 1990; 
Hoover et al., 1990). Putative IHF binding sites have been identified in the regulatory 
regions of nif genes from several bacteria, which included the K. pneumoniae nifU 
and nijE genes, the E. agglomerans nifU gene, and eight out of 12 A. vinelandii nif 
genes (Cannon et al., 1990; Hoover et al., 1990). Maximal expression from the 
K . pneumoniae niftl and nifU promoters in E.coli required IHF (Cannon et al., 1990). 
Moreover, IHF was required for the establishment of a Nif+ phenotype in E.coli from 
the plasmid pRDl, which carries the entire K. pneumoniae nif gene cluster 
(Cannon et al., 1990). 
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The sequences adjacent to these nif promoters are not conducive to strong interactions 
with Ecr54 in the absence of an activator (as described for pnift.A). In this context, it 
has been shown for the niftl promoter that activation by Nif A requires the correct 
orientation of the UAS and nif promoter with respect to the face of the helix 
(Buck et al., 1987a). Furthermore, it was possible to construct a niftl promoter 
mutated at positions -17 to -15 at which activation by NifA was no longer 
face-of-the-helix dependent (Buck and Cannon; 1989). These results were 
substantiated by in vivo footprinting experiments, which demonstrated cr54-qependent 
methylation protection at this mutant K. pneumoniae niftl promoter, but not at the 
wildtype niftl promoter (Morett and Buck, 1989). Moreover, KMn04 footprinting 
revealed that this cr54-dependent protection was due to the formation of a closed 
promoter complex by Ecr54 at the mutant promoter (Morett and Buck, 1989). This is 
consistent with the model that the constraint on expression of the K. pneumoniae niftl 
gene, at least, is due to a weak NifA-independent interaction of Ecr54 with the 
wildtype niftl promoter (Morett and Buck, 1989). Fidelity of activation is ensured by 
the requirement for the activator, NifA, to bind to the UAS. 
Repression of nif gene expression is controlled through the action of NitL which 
antagonizes the action of NifA in the presence of fixed nitrogen or oxygen 
(Hill et al., 1981; Merrick et al., 1982; Filser et al., 1983). Although there is amino . 
acid sequence homology between NifL,NifA and NRn,NR1 (Drummond et al., 1986) 
the mode of action of NifL appears to differ considerably from that of NRn, NifL, 
unlike NRn, is not a bifunctional protein (ie. it is not involved in the activation 
function of NifA). The mechanism whereby NifL prevents activation of transcription 
by NifA· is not yet known, however Henderson et al. (1989) have shown that this 
requires either iron or manganese ions. A possible redox sensitive site has been 
identified in the predicted amino acid sequence of NifL (Drummond and 
Wootten, 1987). Involvement of the redox environment in the activity of NifL is 
unlikely, however, since its repressive activity is required under aerobic conditions or 
microaerophilic conditions in the presence of fixed nitrogen. Immunochemical 
evidence suggests that NifL and NifA form a protein complex, which indicates that 
protein-protein interactions play a role in this repression. 
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A secondary level of regulation which may be carried out by NitL is the 
destabilization of nif mRNA, as studies with nifL- mutants have shown increased 
stability of nif mRNA in these strains (Collins and Brill, 1985; Collins et al., 1986). 
A recent report that a nifX insertion mutant responded more slowly to the repressive 
effects of 0 2 and NH4 +, and that overexpression of the nifX region blocked nif protein 
synthesis, protein accumulation, and nijHDKTY mRNA accumulation has implicated 
the product of the nifX locus in negative regulation (Gosink et al., 1990). The NifA 
protein has been found to be thennolabile, therefore limiting Ni-fixation in 
K. pneumoniae to temperatures below 37°C (Buchanan-Wollaston et al., 1981a; 
Brooks et al., 1984). 
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Fig. 1.4. Regulation of K. pneumoniae nif gene expression. NTRA = a54; 
NTRB = NR11; NTRC = NR1 (after Dixon, 1988). 
Fig. 1.4 outlines the current model of nif gene expression. On transfer of 
K. pneumoniae cells from nitrogen poor to nitrogen excess conditions, the pool of NR1 
proteins will be converted to the dephosphorylated form due to the action of NR11• No 
activation of transcription from pnifLA will occur. Any residual NifA proteins will be 
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inactivated by NifL, resulting in no transcription from the second level of nif operons. 
Under nitrogen limiting aerobic conditions NRrP04 will activate pnijLA to produce 
NifL and NifA, however NifL will inactivate NifA in response to the oxygen levels -
thus blocking expression of the other nif operons. Under anaerobic, nitrogen-limiting 
conditions, pnijLA is activated by NR1-P04, NifL will be in its non-repressive form, 
and NifA will activate transcription of the nif operons, including autogenous 
activation of its own promoter (pnifLA). This will result in synthesis of the 
nitrogenase proteins and the capacity for N2-fixation. 
1.3.2.5 Comparison of nif gene regulation in K. pneumoniae with nif regulatory 
systems in other bacteria 
The regulation of nif gene expression in Azotobacter contains elements common to 
the Ntr/Nif regulatory system in K. pneumoniae, however it is complicated by 
differential expression of genes for the "alternative" nitrogenases. The ntrA, ntrB, 
ntrC, and nifA gene equivalents in A. vinelandii have been cloned (Toukdarian and 
Kennedy, 1986; Bennet et al., 1988; Merrick et al., 1987). A further regulatory locus, 
nfrX, has been identified m both A. vinelandii and A. chroococcum 
(Santero et al., 1988). Additionally, two nifA-like genes, denoted anfA and vnfA, have 
been cloned and sequenced (Joerger et al., 1989). It is thought that the products of 
ntrD (another nifA-like gene), nifA, and nfrX are required for the expression of the 
Mo-dependent Ni-fixation system (Bennett et al., 1988; Santero et al., 1988; 
Walmsley et al., Eighth International Conference on Nitrogen Fixation, 1990). The 
vnfA product is required for expression of the V-dependent system in A. vinelandii 
(Joerger et al., 1989). Under Mo- and V-deficient conditions, the presence of the 
anfA and nfrX genes is essential for Ni-fixation, while the nifA product is required for 
maximal diazotrophic growth (Joerger et al., 1989). The product of ntrD has also 
been implicated m express10n of this third nitrogenase system 
(Walmsley et al., Eighth International Conference on Nitrogen Fixation, 1990). The 
role of the ntrC product, if any, appears to be indirect (Bali et al., 1988). A nifL gene 
has recently been identified upstream of the A. vinelandii nifA gene and the 
Mo-nitrogenase activity of an A. vinelandii strain with a mutation in this locus is not 
subject to repression by high concentrations of fixed nitrogen (Bali and Kennedy, 
Eighth International Conference on Nitrogen Fixation, 1990). 
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There are two major groups of N2-fixing rhizobia which are able to form symbiotic 
relationships with plants. These are the fast growing species, such as R. meliloti and 
Rhizobium leguminosarum, which can only fix N2 symbiotically; and the slow 
growing species, such as B.japonicum, which are capable of active Ni-fixation 
ex planta. These N2-fixation systems are encoded by nif genes, which bear structural 
and functional homology to the K. pneumoniae nif genes, and fix genes, which have 
been identified as essential loci for symbiotic diazotrophy. 
The R. meliloti ntrC gene product is believed to be involved in control of nitrogen 
metabolism in the free-living state (Szeto et al., 1987), however it does not play a role 
in activation of symbiotic Ni-fixation. This difference in regulation between the 
K. pneumoniae and R. meliloti is consistent with the differences in N-status of the 
environments in which each organism fixes N2: K. pneumoniae requires N-limiting 
conditions; R. meliloti must be able to fix N2 in the nitrogen rich nodule environment 
(David et al., 1988). The R. meliloti NifA, which shows homology to the 
K. pneumoniae NifA (Buikema et al., 1985), plays a central role in activation of the 
N2-fixation system (Batut et al., 1989). The "symbiotic signal" for activation of 
Ni-fixation in R. meliloti bacteroids is not known, however the current model 
implicates oxygen levels as the possible environmental factor (Ditta et al., 1987) 
which is sensed by the transmembrane fixL product. This protein and the fix.I product 
form a two component regulatory system (see section 1.5) which modulate the activity 
of the nif A product which is the positive activator of the structural nif and fix genes 
(Hertig et al., 1989; Batut et al., 1989; Gilles-Gonzalez et al., Eighth International 
Conference on Nitrogen Fixation, 1990). A further complexity is the involvement of 
the fixK product and the NifA-independent expression of the fixN gene 
(Batut et al., 1989). 
B. japonicum is able to fix N2 during symbiosis or in the free-living state under 
microaerobic conditions. Separate regulatory elements may exist for N2-fixation in 
these two environments. A two-tiered control system has been proposed with 
expression of afixR-nifA operon at the first level (Thony et al., 1989). Homologues 
of the R. meliloti fixLJ genes have been cloned and it has been shown that the 
products of these genes are not required for expression of the fixR-nifA operon under 
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aerobic conditions. Their role in the induction of this operon under anaerobic 
conditions is under investigation (Anthamatten and Hennecke, Eighth International 
Conference on Nitrogen Fixation, 1990). The activation of the nif and fix genes is 
mediated at a second level by NifA, which requires a divalent metal ion for activation 
and 1s irreversibly oxygen sensitive (Hennecke et al., 1988; Fischer and 
Hennecke, 1987). This highlights the difference between the K. pneumoniae NifA, 
which is not intrinsically oxygen sensitive, and the B. japonicum and R. meliloti NifA 
proteins, which are inactivated in the presence of oxygen. This oxygen sensitivity 
resides in a unique central domain of these proteins, and there is no homology 
between the rhizobial and K. pneumoniae NifA N-terminal regions 
(Fischer et al., 1988). Furthermore, no NitL homologue has been found in these 
(brady)rhizobia species. NitL is thought to interact with the N-terminal region of 
NifA (Nixon et al., 1986). 
A striking feature of nif genes in those bacteria that have been studied to date ( with 
the exception of Anabaena, Clostridium, and the Archebacteria) is the conservation of 
the cr54-dependent promoter. The survival of this feature throughout the evolution of 
many nitrogen fixation systems, irrespective of vertical or horizontal transfer, 
highlights the resilience and importance of the specialized sigma factor cr54, which is 
encoded by the ntrA gene. 
1.4 cr54(Ntr A)-dependent genes in bacteria 
Eubacteria employ a number of sigma factors, which when associated with core RNA 
polymerase alter the specificity of promoter recognition (reviewed in Heimann and 
Chamberlin, 1988). The most abundant sigma factor in the Gram-negative bacterium 
E. coli is termed cr70 and this is responsible for constitutive and regulated expression 
of many genes whose products are responsible for a wide variety of cellular functions 
(Yura and Ishihama, 1979). The major vegetative sigma factor, cr43, in the 
Gram-positive bacterium B. subtilis directs recognition of a similar canonical 
promoter to cr70 which appears to be the principal class of promoter in this 
Gram-positive bacterium (Doi and Wang, 1986). In addition, alternative sigma 
factors have been identified in each of these groups which allow transcription of genes 
whose products contribute to a common physiological response. The heat shock 
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response in enteric bacteria is elicited through cr32 (Grossman et al., 1984). Several 
alternative sigma factors are required during the sporulation process in B. subtilis 
(Losick et al., 1986). Bacteriophages that infect these groups also encode sigma 
factors. 
As has been described in sections 1.2.2 and 1.3.2.3, cr54 is the major sigma factor 
required for the expression of genes whose products are involved in nitrogen 
metabolism and nitrogen fixation. Recent advances in understanding have shown that 
cr54 differs from the other alternative sigma factors in that it is required for expression 
of genes whose products are involved in a wide variety of cellular functions. The role 
of cr54 in these systems has been reviewed comprehensively by Kustu et al. (1989). 
These and additional cr54-dependent genes, which have subsequently come to light, 
will be discussed in this section. 
cr54 was first identified in association with nitrogen metabolism in enteric bacteria 
and therefore this designation was adopted to reflect the Mr of the product in enteric 
bacteria. Subsequently, homologues in other organisms with different Mr have been 
identified. The gene designation (glnF, ntrA, rpoN) also reflects this history, however 
its broader role justifies revision to rpoE or a sig designation. For convenience, the 
designations cr54 (or NtrA) and ntrA have been adopted in this study. 
There are several lines of evidence which may be used to identify a gene which 
requires cr54 for expression: 
(i) presence of a cr54-dependent promoter - conserved GC doublet (11-14 hp 
upstream of the transcription start site) with a GG doublet exactly 10 hp 
upstream. 
(ii) lack of transcription in a ntrA mutant strain. 
(iii) lack of transcription when the gene is transferred to an E. coli ntrA mutant. 
(iv) mutational analysis of the cr54-dependent promoter 
(v) in vitro transcription with Ecr54 (cr54-RNA polymerase holoenzyme). 
(vi) dependence on a transcriptional activator which works in conjunction with 
Ecr54. 
(vii) presence of upstream activator binding sites. 
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The most immediate method available is therefore sequence scanning of the upstream 
regulatory region of a gene for features (i) and (vii), however it is important to be 
aware that this evidence is speculative in the absence of biological evidence provided 
by the other techniques. 
The assimilatory nitrite and nitrate reductase systems, which enable cells to grown on 
these compounds as a sole nitrogen source have been found to be inactive in ntrA 
mutant strains of A. vinelandii, R. meliloti, and Alcaligenes eutrophicus (Santero 
et al., 1986; Ronson et al., 1987b; Romermann et al., 1988). The activator protein 
required for expression of these systems in K. pneumoniae, A. vinelandii, R. meliloti, 
A. tumefaciens, and A. brasiliense appears to be a NR1 homologue (Cali et al., 1989; 
Toukdarian and Kennedy, 1986; Szeto et al., 1987; Rossbach et al., 1987; Pederosa 
and Yates, 1984). 
The dctA gene, which is a component of the C4-dicarboxylic acid transport system in 
the rhizobia, has a cr54-dependent promoter and is not expressed in ntrA mutant 
strains. The DctD protein is the activator, at least in the free-living state (Ronson 
et al., 1987a). UAS's upstream of the dctA genes have been identified as the sites 
required for full activation by the DctD proteins in both R. meliloti and 
R. leguminosarum (Ledebur et al., Eighth International Conference on Nitrogen 
Fixation, 1990). Pleiotrophic hno- mutants of A. eutrophicus, which are thought to 
have a lesion in an ntrA gene, are defective in C4-dicarboxylic a~id transport. . 
The melA gene, which encodes the tyrosinase required for synthesis of the pigment 
. melanin in R. leguminosarum, requires the activator NifA and is not expressed in 
E. coli ntrA mutants (Hawkins and Johnston, 1988). NifA-activated expression, a 
consensus NifA UAS, and a cr54-dependent promoter has been identified for genes 
located on a R. meliloti cryptic plasmid which may affect nodulation efficiency 
(Sanjuan and Olivares, 1989). 
The E. coli anaerobic formate hydrogenlyase pathway is dependent upon cr54 for 
expression (fdhF and hyd-17 genes). This pathway is not active in an E. coli ntrA 
mutant, and the fdhF gene has a cr54-dependent promoter and an UAS (Birkmann 
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et al., 1987a; Birkmann and Bock, 1989). The hyd-17 locus consists of divergently 
transcribed operons with cr54-dependent promoters (Lutz et al., 1990; 
Bohm et al., 1990). Transcriptional activation of the hydrogenase component, at 
least, of this pathway is thought to require the product of the hydG gene (Stoker 
et al., 1989). Other workers have identified a gene encoding a putative transcriptional 
activator of this pathway denoted.fhlA (Sankar et al., 1988: identified as ORFE within 
the hyd-17 locus; Bohm et al., 1990), but at this stage it is not clear as to whether .fhlA 
is identical to hydG (Schlensog and Bock, in preparation). 
The hox genes are clustered on a 450-kbp megaplasmid in A. eutrophicus and these 
provide the cells with the ability to oxidize H2 as a source of energy (Friedrich and 
Friedrich, 1983). This property is lost in a ntrA mutant; a cr54-dependent promoter 
has been identified for the hoxC gene; and the product of hoxA is the activator of this 
pathway, which is induced in response to energy limitation (Romermann et al., 1988). 
Expression of hox genes encoding a membrane bound hydrogenase in 
Pseudomonasfacilis is cr54-dependent (Romermann et al., 1989). 
The expression of cell surf ace components in several bacteria has been shown to be 
cr54-dependent. The sequences of the regulatory regions of pilin genes in 
Pseudomonas aeruginosa, Neisseria gonorrhoeae, Bacteroides nodosus, and 
Moraxella bovis has revealed the canonical cr54-dependent promoter (Johnson 
et al., 1986; Meyer et al., 1984). A P. aeruginosa ntrA mutant failed to synthesize 
pilin (lshimoto and Lory, 1989). Furthermore, a putative UAS has been identified 
upstream of the P. aeruginosa pilA gene (Pasloske et al., 1989). These results 
implicate cr54 in the increased virulence associated with pilin production in 
P. aeruginosa andN. gonorrhoeae. 
The cr54-dependence of motility functions and flagellin synthesis has been studied 
intensively in Caulobacter crescentus. TheflbG (hook operon) andflaN operons have 
cr54-dependent promoters and conserved UAS's, termed fir (Mullin et al., 1987). 
E.coli Ecr54 is able to recognize these promoters in vitro (Ninfa et al., 1989). 
Furthermore, it has been demonstrated, using site-directed mutagenesis, that the fir 
elements are required for transcription (Mullin and Newton, 1989); and the FlbD 
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protein has been identified as the transcriptional activator (Ramakrishnan and 
Newton, 1990). NtrA mutants of P. aeruginosa and Pseudomonas putida are 
non-motile and this has been shown by electron microscopy to be due to the inability 
to synthesize flagella (Totten et al., 1990; Inouye et al., 1990). These results are 
interesting as another type of sigma factor (sigma F in enteric bacteria, cr28 in 
B. subtilis) is required for transcription of flagellar and chemotaxis functions in these 
bacteria (Heimann et al., 1988; Arnosti and Chamberlin, 1989). The role of this 
sigma factor in motility functions of C. crescentus or Pseudomonas species is 
unknown. 
cr54 is involved in regulation of various metabolic functions in P. putida (Kohler 
et al., 1989b). The enzyme carboxypeptidase G2, which hydrolyzes the C-terminal 
moiety from folic acid, is encoded by a gene which has the sequence of a 
cr54-dependent promoter (Minton and Clarke,_ 1985). The expression of some of the 
enzymes that catabolize toluene and related aromatic compounds, coded for by genes 
on the TOL plasmid, is cr54-dependent. The consensus promoter has been identified 
in the xylCAB and xylS genes (Inouye et al., 1984) and the XylR protein has been 
shown to be the activator (Inouye et al., 1987). The xylCAB operon was the first 
non-nitrogen metabolism set of genes which was shown to be cr54-dependent: 
expression of this operon was activated in the presence of the E. coli ntr genes 
(Dixon, 1986). 
The microorganism Myxococcus xanthus carries out a complex lifecycle involving 
aggregation and fruiting body formation. The mbhA gene, which codes for 
hemagglutinin, has a consensus cr54-dependent promoter. Mutational analysis has 
shown this to be required for transcription (Romeo and Zusman, 1987). 
It appears that each species of micro-organism has a unique mosaic of cr54-dependent 
genes which code for a wide variety of metabolic processes. These range from 
biosynthetic pathways to degradative enzymes to structural components. Each 
function confers upon its host organism the ability to capitalize upon a specific 
nutritional or environmental niche, and therefore they could be termed "luxury" genes. 
Undoubtedly, many more cr54-dependent genes will be identified in future. It remains 
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an intriguing question as to how the components required for this transcnpt10n 
(ntrA encoding cr54, the cr54 consensus promoter, and an activator and UAS specific 
for each function) have been acquired, and are still being acquired, during the course 
of evolution. The identification of more UAS sequences and the sequences of the 
activator proteins which recognize them may reveal some basic rules which govern 
this process. 
1.5 Global regulation of gene expression in bacteria 
Bacteria are often regarded as evolutionary "primitive" organisms m relation to 
eukaryotes on account of their relative simplicity of molecular organization. This, 
however, is a misconception as it is now evident that most species of bacteria are 
highly efficient organisms which have streamlined their metabolic machinery to 
respond rapidly to environmental conditions. Strategies employed by bacteria as an 
adaptive response to changing environmental conditions range from rapid changes in 
motility to long-term global reorganizations of gene expression and cell morphology. 
Global regulation of gene expression lies at the heart of these processes. The key to 
selective advantage, and therefore survival, for bacteria is possessing sensitive sensory 
mechanisms which are able to respond to a changing habitat and communicate this 
information to the transcription machinery. 
A common mechanism whereby this "stimulus-response coupling" or "signal 
transduction" is carried out has in recent years been shown to be widespread in many 
bacterial species. This mechanism involves two types of enzymatic components: 
histidine protein kinases (HPK), and their associated response regulators (RR) 
(reviewed in Kofoid and Parkinson, 1988; Bourret et al., 1989; Stock 
et al., 1989b, 1990). In most cases, the HPK (alternatively termed the "sensor" or 
"modulator") acts as the sensor of the environmental status and transmits a signal to 
the RR which in turn regulates the activity of a set of target proteins or the expression 
of a specific set of genes to elicit an appropriate response. As these two components 
are central to the signal transduction, the term "two-component" has often been 
employed to describe these systems, although this may not always be the case as there 
are often other proteins involved in the signal transduction. Processes regulated in 
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this way include sporulation, transformation, competence, pathogenicity, virulence, 
gliding and flagellar motility, membrane transport, and nitrogen metabolism. 
Furthermore, this mechanism of signal transduction has been identified in both 
Gram-negative and Gram-positive bacterial species (Stock et al., 1989b). 
Stimulus-response coupling by this mechanism has been studied most extensively 
with respect to regulation of nitrogen metabolism, chemotaxis, osmoregulation, and 
phosphate balance in the enteric bacteria. Each system is controlled by ~ specific 
HPK and RR pair, and sequence analysis has revealed that these belong to two 
families of homologous proteins (Nixon et al., 1986; Ronson et al. , 1987c; Stock 
et al., 1989b; Albright et al., 1989a). The pairs of proteins (HPK/RR) that are 
involved in signal transduction in nitrogen regulation, chemotaxis, osmoregulation, 
and phosphate regulation are NRn/NR1, CheA/CheB and Che Y, EnvZ/OmpR, and 
PhoR/PhoB, respectively (for reviews see Magasanik, 1988; Stewart and 
Dahlquist, 1987; Csonka, 1989; and Wanner, 1987). Phosphorylation of the RR 
mediated by the HPK is an essential feature of the signal transduction mechanism and 
a common phosphotransfer enzymology is thought to be involved (Ninfa and 
Magasanik, 1986; Wylie et al., 1988; Stock et al., 1988b; Bourret et al., 1989; Igo 
et al., 1989). Further examples of this system have been identified on aa sequence 
analysis of regulatory proteins and the recognition of conserved domains which . 
correspond to "transmitter" (HPK) and "receiver" (RR) modules (Kofoid and 
Parkinson, 1988). 
The HPK family is defined by a region of conserved sequence situated near the 
C-termin:us. This represents the transmitter module and contains the histidine residue, 
which is the site of autophosphorylation of the HPK prior to phosphotransfer to the 
RR (Keener and Kustu, 1988). Most HPK proteins are postulated to have an 
extracytoplasmic N-terminal domain which interacts with the "environment" 
(ie. stimulatory . ligands in the periplasm) and a transmembrane domain which 
transmits the environmental signal to the cytoplasmic C-terminal domain which 
carries out the kinase function (Forst and Inouye, 1988). Exceptions to this are CheA 
and NR11 which receive signals within the cytoplasm. The nitrogen status signal for 
NR11 is related to the ratio of a-ketoglutarate to glutamine within the cell and is 
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mediated by the Prr protein (section 1.2.2.1). HPK's have also been shown to exhibit 
phosphatase activity as this is essential for "switching off' of the RR in appropriate 
circumstances. 
(section 1.2.2.1). 
The phosphatase activity of NR11 requires the P11 protein 
The family of at least 25 types of RR's is characterized by a conserved N-terminal 
domain of about 100 aa (Stock et al., 1989b). Phosphorylation of an aspartate residue 
within this region by the corresponding HPK is thought to stimulate the activation 
function of each RR (Stock et al., 1988b). The functional and structural significance 
of conserved residues within this domain, concluded from the tertiary structure of the 
S. typhimurium CheY protein - a representative RR - (Stock et al., 1989a, 1990), will 
be discussed in Chapter 5. The conservation in sequence at the N-terminal region of. 
RR's is consistent with the notion that this is the site of interaction with the relevant 
HPK, however once the RR's have been activated by phosphorylation they direct the 
target response in a variety of ways. This diversity is reflected in the different 
sub-families of RR's which may be identified by homologies within their C-terminal 
regions. 
CheY and SpoOF (involved in sporulation in B. subtilis) contain only the conserved 
N-terminal region. NR1, DctD, HydG, and PgtA (phosphoglycerate transport) 
constitute a second sub-family and have a homologous C-terminal region which is 
also found in other proteins which lack the HPK-interacting N-terminal d~main, 
namely FlbD, TyrR, and NifA. The common link between the activity of these 
proteins which share this conserved C-terminal region is that NR1, DctD, and NifA 
have been shown to activate transcription from a54-dependent promoters 
(sections 1.2.2, 1.4, and 1.3.2.3). At the extreme C-termini of NR1, DctD, and NifA a 
DNA-binding region has been identified which enables these proteins to bind to 
UAS's (sections 1.2.2 and 1.3.2.3; Ledebur et al., Eighth International Conference on 
Nitrogen Fixation, 1990). Phosphorylation of NR1 (RR) within its N-terminal domain 
by NRrr (HPK) stimulates its ability to bind DNA and activate transcription 
(section 1.2.2.1). This example illustrates the link between the HPK activity and the 
response modulated by the RR, which in this case is the activation of nitrogen 
metabolism genes. A third sub-family based on C-terminal homology includes PhoB 
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and OmpR which regulate the expression of genes with promoters recognized by the 
major form of RNA polymerase (Ecr70 in E. coli). A fourth sub-family includes FixJ 
(section 1.3.2.4) and NarL (nitrate reductase; Nohno et al., 1989) which share a 
homologous C-terminal domain. Finally, there are some RR's which have C-termini 
which show little similarity to other RR's, such as AlgR (alginate production - Deretic 
et al., 1989) and CheB (methylesterase component in chemotaxis). 
The similarity in structure and function between the different HPK transmitter 
C-t~rminal domains and between the different RR receiver N-terminal domains begs 
the question as to whether cross-talk is possible. The availability of purified 
components has enabled the demonstration that CheA can phosphorylate NR1 or 
OmpR to activate transcription from the glnA or ompF promoters; and EnvZ can 
phosphorylate NR1 and CheY (Ninfa et al., 1988; Igo et al., 1989). Cross-talk has 
also been demonstrated in vivo: a hyperactive variant of the nitrogen kinase, 
NR112302, was able to act in the place of CheA to produce tumbling/swimming 
behavior (Ninfa et al., 1988). Moreover, the complex phenotypes exhibited by strains 
with HPK gene mutations may be explainable by such crosstalk 
(Backman et al., 1983; Wanner et al., 1988). This versatility indicates that although a 
specific HPK-RR pair may be the primary regulators of a particular response, other 
HPK's and RR's could exert peripheral effects. This idea introduces the concept of a 
global regulatory mosaic within a cell and that a cell's net response is a combination 
of the regulatory inputs which in part are dictated by HPK-RR interactions. It is 
likely that peripheral regulatory effects by other HPK-RR would be most significant 
when a regulatory system is poised at a threshold ( eg. when a cell is depleting a rich 
nitrogen source, such as ammonia) (Stock et al., 1989b). 
1.6 Nitrogen metabolism in T. fe"ooxidans 
1.6.1 Sources of nitrogen available to T. f errooxidans 
Nitrogen sources that may be present in environments inhabited by T. f errooxidans 
are likely to be inorganic nitrogen compounds such as ammonia, nitrates, nitrites, and 
atmospheric dinitrogen. Nitrogen is a microconstituent in igneous rocks and 
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sedimentary deposits, and its availability would be related to the geochemical 
composition and degree of weathering (Tuovinen et al., 1979). 
Ammonia is a preferred nitrogen source for many bacteria (discussed in section 1.2) 
and the concentration of this compound in an industrial bioleaching environment is 
low. A value of 30 mg/1 has been quoted for a uranium leach liquor (Rawlings, 1981 ). 
An understanding of the chemistry of ammonia at different pHs is important when 
considering the availability of ammonia in this habitat. At a low pH, ammonia will 
exist predominantly in the protonated form, NH4 +, while in more alkaline conditions 
the equilibrium will be shifted towards a predominance of the neutral form, NH3 
(Kleiner, 1981). A bioleaching environment dominated by T.ferrooxidans is 
invariably acidic. Consequently, any available ammonia will be in the NJ-4+ form. It 
is thought that NH3 is able to diffuse rapidly across biomembranes; in contrast, most 
biomembranes are impermeable to NH.i+ (Henderson, 1971). It is likely, therefore, 
that T. ferrooxidans would have a transport system to take up the ammonia, which 
would only be available in the NH4+ form. NH4+-transport systems have been 
demonstrated in several bacterial species (Kleiner, 1981). However, the intracellular 
pH of the T. ferrooxidans cells is neutral, which would result in conversion of the 
majority of the intracellular pool of ammonia to the NH3 form. This would create a 
NH3 gradient across the cell membrane driving the diffusion of NH3 out of the cells. 
To prevent a futile cycle, the T. ferrooxidans cell membrane would have to possess a 
reduced permeability to NH3. In this context, those microorganisms that are 
neutrophilic, such as K. pneumoniae, would be expected to lose NH3 rapidly if grown 
at low pH. It has been shown that K. pneumoniae cells grown in a glucose limited 
chemostat at low culture pH values (pH = 4,5 - 5) but provided with excess nitrogen 
(80 mM NH4+Cl) exhibited elevated levels of GOGAT. This phenotype is 
characteristic of nitrogen-limited cells (see section 1.2.1), indicating that the internal 
nitrogen sensory system was responding to nitrogen starvation which may have been 
the result of rapid diffusion of NH3 out of the cells (Buurman et al., 1989). 
Studies on nitrogen requirements for growth and iron-oxidation by T. ferrooxidans are 
complicated by the effect of ammonia absorbed by the acidic medium and by the 
contribution of nitrogen fixation. However, Tuovinen et al. (1979) showed that the 
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rate of iron-oxidation by T. ferrooxidans was limited by the availability of ammonia 
[(NH4+)iS04] at concentrations below 3,6 mg/1, and was stimulated by concentrations 
between 3,6 and 18 mg/1. Furthermore, iron oxidation could be carried out when 
nitrate was provided as the sole nitrogen source at concentrations of 0,1 mM, and the 
rate of iron-oxidation was increased when the cells were subjected to a preculture 
"adaptation" phase on 0,5 mM nitrate. These results indicate the presence of an 
induction mechanism. Complex nitrogen sources, such as amino acids and casein, 
appeared to inhibit the growth of T.ferrooxidans (Tuovinen et al., 1979). This 
autotrophic bacterium has also been shown to be unable to grow in the presence of 
many other organic molecules (Matin, 1978). It therefore appears that T. ferrooxidans 
requires low concentrations of inorganic nitrogen sources for optimal iron-oxidizing 
activity under aerobic conditions. 
The role of nitrogen fixation by T.ferrooxidans is not clear, as it has been shown that 
the nitrogen fixing ability of T. ferrooxidans was oxygen sensitive 
(Mackintosh, 1971), and therefore incompatible with aerobic growth and 
iron-oxidation. Fixation of atmospheric N2 by T. ferrooxidans has been demonstrated 
by the measurement of acetylene reduction by T. ferrooxidans cultures and the 
incorporation of 15N into cell material by these cells (Mackintosh, 1978). This 
activity was inhibited by the addition of 18 mg/1 (NH4+)iS04 and occurred under 
microaerophilic conditions. This inhibition by 0 2 and NH4+ is reminiscent of 
repression systems in other diazotrophs and suggests the existence of a regulatory 
circuit in T.ferrooxidans. The cells were grown on FeS04 medium, and N2-fixation 
only occurred after an initial cycle of exponential aerobic growth, presumably to 
generate sufficient metabolic energy for the energetically expensive N2-fixation 
process (Mackintosh, 1978). Aerobic/anoxic growth conditions are unlikely to prevail 
in nature, consequently it is not known under what conditions T. ferrooxidans is able 
to fix N2. A possibility is that under anoxic conditions T. ferrooxidans is able to 
generate energy by the oxidation of inorganic sulphur compounds and the 
concomitant reduction of Fe3+, Mo6+, or Cu2+ (Sugio et al., 1990), and these reactions 
may produce enough energy for N2-fixation (Rawlings, pers. comm.). 
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1.6.2 Genes and enzymes involved in nitrogen metabolism from T. ferrooxidans 
1.6.2.1 T. f errooxidans glutamine synthetase 
The gene encoding glutamine synthetase, glnA, from T.ferrooxidans ATCC 33020 
has been cloned in E.coli (Barros et al., 1985) and the nucleotide sequence has been 
determined (Rawlings et al., 1987). This gene was expressed in E.coli and the 
enzyme was functional in E.coli. The T.ferrooxidans GS was purified and the 
subunit showed an apparent Mr of 60 000 (Barros et al., 1986). Assuming the enzyme 
forms a typical dodecamer as shown for GS's of other Gram-negative bacteria 
(Almassy et al., 1986), the T. ferrooxidans GS was predicted to have a particle Mr of 
720 000. Electron microscopy of purified GS revealed characteristic disc shaped 
molecules with central holes, which are thought to represent the undissociated 
enzyme. T. ferrooxidans GS activity was shown to be modulated by adenylylation 
(Barros et al., 1986). 
The nucleotide sequence of the T. ferrooxidans glnA gene revealed some regulatory 
features that are common to the E.coli glnA gene: a glnApl-like promoter, a 
catabolite-activating protein consensus recognition sequence, and a high affinity 
NRrbinding site (as defined for E.coli glnA - Reitzer and Magasanik, 1986) which 
overlapped the glnApl-like promoter (Rawlings et al., 1987). However, no 
cr54-dependent promoter sequence could be identified (Rawlings et al., 1987). The · 
T.ferrooxidans glnA encoded a predicted protein of 468 aa which showed 
approximately 60% aa similarity with the GSI enzymes of other Gram-negative 
bacteria such as E.coli, Vibrio alginolyticus, R. leguminosarum, and A. brasiliense 
(Rawlings, 1989). Furthermore, a region thought to be the site of adenylylation in the 
E. coli GS is highly conserved in the T. ferrooxidans GS aa sequence, which is 
consistent with the biochemical results (Rawlings et al., 1987). It was not known 
prior to this study whether the T. ferrooxidans glnA was linked to ntrBC genes. 
1.6.2.2 T. f erro"Oxidans nifHDK genes 
Southern hybridization studies with the K. pneumoniae nift{DK genes as a probe 
identified homologous nucleotide sequences in total DNA preparations from five 
different iron-oxidizing T. ferrooxidans strains, including ATCC 33020 (Pretorius 
et al., 1986). These results substantiated previous experiments which demonstrated 
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that T. ferrooxidans was able to fix nitrogen (Mackintosh, 1978). The T. ferrooxidans 
ATCC 33020 nift/DK genes were cloned (Pretorius et al., 1986) and the nucleotide 
sequence was determined (Pretorius et al., 1987, Rawlings, 1988). The genetic 
organization was similar to that observed for the K. pneumoniae nift/DK genes with 
no canonical termination signals between the niftl and nifD genes or the nifD and nifK 
genes, and a regulatory region upstream of the niftl gene which contained two tandem 
NifA UAS's, and a consensus cr54-dependent promoter. The predicted products of the 
T. ferrooxidans nift/DK genes showed greatest aa similarity to equivalent proteins 
from members of the bradyrhizobia ( approximately 80% similarity between NiflI 
proteins; 68% similarity between NifD or NifK proteins), although the T.ferrooxidans 
NifH showed 75 and 71 % aa similarity to the K. pneumoniae and A. vinelandii NiflI 
proteins, respectively (Rawlings, 1988, 1989). 
1. 7 Aims of the project 
There are many challenges associated with a study of the biology of the bacterium, 
T.ferrooxidans, which grows optimally at a pH of between 1,3 and 3,5 and is 
inhibited by many organic compounds, including agar. The utilization of recombinant 
DNA technology to isolate genes which encode specific phenotypes and the 
propagation of these genes in E.coli is therefore a desirable approach for studies on 
T.ferrooxidans. T.ferrooxidans is a Gram-negative bacterium and it had been shown 
prior to the inception of this project that T. ferrooxidans genes displayed regulatory 
signals which were recognized in E.coli. A key component of bacterial metabolism 
is the provision of nitrogen within the cell, and the genes for two important nitrogen 
metabolism structural enzymes, glutamine synthetase and nitrogenase, had been 
·isolated. The aim of this project was to build upon these previous studies by isolating 
the genetic determinants encoding regulators of nitrogen metabolism m 
T.ferrooxidans. Clues obtained from the nucleotide sequence analysis of the 
regulatory regions of these genes indicated that T. ferrooxidans may contain a Ntr 
regulatory system as shown in the enteric bacteria. In this thesis I report on the 
isolation and sequence analysis of the T.ferrooxidans ntrA gene (Berger et al., 1990), 
and the cloning of the T. f errooxidans ntrC gene. In addition, I show what regulatory 
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CHAPTER2 
ISOLATION OF THE THIOBACILLUS FERROOXIDANS NTRA GENE 
2.0 Summary 
Attempts to isolate the T. ferrooxidans ntrA gene by complementation of an £. coli 
ntrA mutant for Ntr function or hybridization with an A. vinelandii ntrA gene DNA , 
probe proved unsuccessful. A novel strategy involving complementation of an E. coli 
ntrA mutant for NtrA-dependent expression of the anaerobic gas-producing formate 
degradation pathway was developed. The cloned T.ferrooxidans ntrA gene was 
detected using a simple agar overlay technique on the basis of complementation of 
NtrA-dependent expression of the gas positive phenotype. The T. ferrooxidans ntrA 
gene was subcloned on a 2,8-kilobase-pair (kbp) SalI-BglII fragment from the original 
recombinant cosmid isolate. Southern hybridization against T. ferrooxidans 
chromosomal DNA confirmed the origin of a 3,7-kbp BglII fragment containing the 
T. ferrooxidans ntrA gene. 
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2.1 Introduction 
Analysis of the DNA sequence upstream of the T.ferrooxidans nifH gene showed the 
presence of a putative NtrA-dependent promoter (Pretorius et al., 1987). This 
indicated that it was likely that T. ferrooxidans contained an ntrA gene. It was 
therefore decided to isolate the T. ferrooxidans ntrA gene as part of a study on the 
nitrogen metabolism of this industrially important diazotrophic chemolithoautotroph. 
This study would form part of the current effort to determine whether gene regulation 
in general and the regulation of nitrogen fixation genes in particular were similar to 
that of other Gram-negative diazotrophs, or whether the ability of T. ferrooxidans to 
grow in a harsh environment populated by few bacteria had resulted in genetic drift 
and unusual features in the structure of one of the key regulators of transcription -
NtrA. 
The isolation of ntrA genes has been greatly facilitated by the construction of ntrA 
mutants in the source organism or a closly related organism. The ntrA genes from 
K. pneumoniae (de Bruijn and Ausubel, 1983; Merrick and Stewart, 1985), 
A. vinelandii (Toukdarian and Kennedy, 1986), and P. putida (Kohler et al., 1989b) 
were isolated by complementation of E. coli ntrA mutants for the ability to grow on 
minimal medium with arginine as a sole nitrogen source. This complementation of 
so-called "Ntr" function entailed derepression of E.coli nitrogen assimilation genes 
such as those for arginine utilization (aut operon) by the heterologous cloned ntrA 
gene products. 
The R. meliloti ntrA gene was isolated by construction of a R. meliloti ntrA mutant 
using Tn5 mutagenesis and selection for the inability to carry out NtrA-dependent 
transcription of a dctA-lacZ fusion (Ronson et al., 1987b). The R. ineliloti ntrA gene 
was then isolated from a recombinant cosmid library by complementation of this 
R. meliloti ntrA mutant for growth on succinate as a sole carbon source. The rationale 
for this was that the cloned ntrA gene enabled the ntrA mutant to recover 
NtrA-dependent expression of the dctA gene, the structural component of 
C4-dicarboxylic acid transport, providing uptake of succinate (as well as malate and 
fumarate). The R. meliloti ntrA mutant was used in a similar manner to clone the ntrA 
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gene from the broad host range Rhizobium sp. NGR234 by interspecies 
complementation (Stanley et al., 1989). 
The ntrA gene from P. putida was cloned by a second group (Inouye et al., 1989) 
using hybridization with an E.coli ntrA gene probe, and the P. aeruginosa ntrA gene 
was cloned using an A. vinelandii ntrA gene probe (Ishimoto and Lory, 1989). The 
locus nifR-4 (ntrA homologue) from the purple non-sulfur photosynthetic bacterium 
Rhodobacter capsulatus was identified by sequence analysis of a recombinant clone 
which complemented a spontaneous Nif- regulatory mutant of this organism (Jones 
and Haselkom, 1989). 
The difficulty in cultivating T. ferrooxidans in laboratory media containing organic 
supplements and the absence of a genetic manipulation system for this organism 
precluded the design of a cloning procedure using phenotypes of the bacterium itself. 
The ability to identify a recombinant clone from a gene bank which could be 
propagated in E.coli was therefore fundamental to this study. Three methods were 
employed in attempts to clone the T.ferrooxidans ntrA gene: 
1) Complementation of an E.coli ntrA mutant for Ntr function. 
2) Hybridization with the A. vinelandii ntrA DNA probe, which was available at the 
beginning of the project. 
3) Complementation of an E.coli ntrA mutant for NtrA-dependent expression of the 
formate degradation pathway. 
E. coli cells grown under anaerobic conditions with glucose produce formate which is 
metabolised via the fermentative formate degradation pathway or via the respiratory 
nitrate-linked route (reviewed in Stewart, 1988). In the presence of a terminal 
electron acceptor such as nitrate the formate is respired to generate energy. However, 
in the absence of such an electron acceptor the fermentative formate hydrogenlyase 
pathway is induced which results in the evolution of H2 and CO2 gas (Peck and 
Guest, 1957). The formate hydogenlyase complex has not been fully characterized, 
however it is composed of a formate dehydrogenase, unknown redox compounds, and 
a hydrogenase (Stewart, 1988). Much debate has accompanied characterization of 
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E.coli hydrogenase enzymes, however it is now thought that the electrophoretically 
stable isoenzymes hydrogenase 1 and 2 form part of the respiratory hydrogen uptake 
(Hup) pathway, while the labile hydrogenase 3 is the gas evolving component of the 
formate degradation pathway (Sawers et al., 1985). 
Birkmann et al. (1987a) recently discovered that expression of the fdhF gene, 
which codes for the selenopolypeptide component _of the formate dehydrogenase, 
and the hyd-17 gene(s), which are required for expression of hydrogenase 3, is 
NtrA-dependent. DNA sequence analysis of the fdhF gene (Zinoni et al., 1986) 
enabled identification of an NtrA-dependent promoter. The hyd-17 locus was 
identified in a phage Mu dl insertion mutant of E. coli denoted Ml 7s which exhibited 
a 90% reduction in hydrogenase activity (Pecher et al., 1983). Ml 7s exhibited no 
reduction in the hydrogenase 1 and 2 activities as compared to its parent, indicating 
that the mutation was caused by integration of Mu dl phage into a regulatory or 
structural gene specific for hydrogenase 3 (Birkmann et al., 1987b). 
The region of the E. coli chromosome (between 58/59 min) spanning the hyd-17 locus 
has recently been cloned and sequenced (Lutz et al., 1990; Bohm et al., 1990). Two 
divergently transcribed operons with cr54-dependent promoters were identified 
(Lutz et al., 1990). A DNA fragment containing one of the operons (ORFs 1 - 8) and 
ORF A and B from the second operon complemented Ml 7s to wildtype levels of 
hydrogenase 3 activity and gas production. The predicted product of ORF5 showed 
sequence similarity to the large subunit from Ni/Fe hydrogenases, while the products 
of the other ORFs in the same operon showed homology to electron transport 
proteins: ORF2 and ORF6 encoded proteins with iron-sulphur clusters of the 4Fe/4S 
ferredoxin type; ORF7 product was homologous to protein G of the chloroplast 
electron transport chain; and ORF3 and ORF4 products contained putative 
transmembrane hydrophobic regions, and hydrophilic regions homologous to subunits 
4 and 1 of mitochondrial and plastid NADH-ubiquinol oxidoreductases, respectively 
(Bohm et al., 1990). 
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This operon is therefore thought to encode structural components of the formate 
hydrogenlyase pathway (ie. electron carriers and hydrogenase 3), but not the formate 
dehydrogenase (unlinked fdh genes)(Bohm et al., 1990). The second operon, of 
which ORFs A- E have been characterized to date, encodes proteins involved in 
regulation and assembly of the system. ORFB product is required for nickel 
utilization (Bohm et al., 1990). 
The existence of NtrA-dependent expression of the unlinked fdhF gene and both 
operons at the hyd-17 locus lends support to the model that the formate degradation 
pathway is subject to co-ordinate transcriptional regulation by the binding ( upstream 
of each promoter) of a regulator which interacts with the NtrA-RNA polymerase in a 
manner similar to the regulators of the glnA gene in enteric bacteria (reviewed in 
Kustu et al., 1986) and the nifll gene of K. pneumoniae (reviewed in Gussin 
et al., 1986). A possible two-component regulatory system which may fulfil this role 
has been identified by Stoker et al. (1989): the hyd.HG genes were cloned on the basis 
of complementation of an E. coli mutant defective in hydrogenase 3 activity; and the 
hyd.H and hydG predicted products were homologous to enteric NtrB and NtrC 
proteins, respectively. Another candidate activator is the product of fhlA 
(Sankar et al., 1988; Schlensog et al., 1989), which is identical to the product of 
ORFE within the hyd17 locus (Bohm et al., 1990). It remains to be seen whether 
ORFD and ORFE are identical to hydH and hydG (pers. observation). Furthermore, a 
cis-acting DNA element upstream of the fdhF gene that is required for regulation of 
expression from its NtrA-dependent promoter (Birkmann and Bock, 1989) is 
reminiscent of UAS's (enhancers) bound by activators, such as NtrC and NifA, which 
act at other NtrA-dependent promoters. 
The observation that E. coli ntrA mutants were deficient in formate degradation and 
therefore unable to produce gas was employed to develop a sensitive and novel 
complementation screening technique for the presence of a cloned T. ferrooxidans 
ntrA gene. 
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2.2 Materials and Methods 
2.2.1 Bacterial strains, plasmids, and media 
The strains and plasmids used in this study are described in Appendix A. Complex 
media for growth of E.coli under either aerobic or anaerobic conditions were 
Luria-Bertani medium (LB), containing 1,5% agar (LBA), or buffered TGYEPF 
(pH 6,5) (Begg et al., 1977), respectively (Appendix B). Nitrogen-limited minimal 
medium for aerobic growth of E. coli strains was glucose minimal medium (GMM, 
Appendix B) supplemented with 0,2% arginine. When required, antibiotics were 
added at the following concentrations : ampicillin, 100 µg/ml; tetracycline, 15 µg/ml; 
chloramphenicol, 20 µg/ml. 
2.2.2 Preparation of DNA 
The alkaline lysis method (Birnboim and Doly, 1979; Ish-Horowicz and Burke, 1981) 
was used for both small- and large-scale plasmid preparations (Appendix C). 
Chromosomal DNA was prepared from T. ferrooxidans A TCC 33020 by the DNA 
extraction method as outlined in Appendix C. Construction of the gene bank of 
T. ferrooxidans ATCC 33020 DNA in the cosmid vector pHC79 has been described 
previously (R. Ramesar, Ph.D. thesis, University of Cape Town, South Africa, 1988). 
2.2.3 DNA manipulations 
Standard methods (Maniatis et al., 1982) were used for restriction digests, gel 
electrophoresis, purification of DNA fragments from agarose gels, ligations, and the 
filling in of 5' sticky ends (Appendix C). 
2.2.4 Southern blotting and hybridization with the A. vinelandii ntrA gene 
T.ferrooxidans chromosomal DNA was digested in 10 µg samples with the restriction 
enzymes BamHI, BgUI, and Bea and electrophoresed on a 0,8% agarose gel, followed 
by transfer to a Hybond N+ membrane by the method of Reed and Mann 
(1985)(Appendix C). The A. vinelandii ntrA gene on plasmid pNA4 was 32P-labelled 
by nick-translation as described in Appendix C. Autoradiography was continued for 
up to two weeks. 
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2.2.S Screening for the T. f e"ooxidans ntrA gene by complementation of an 
E. coli ntrA mutant for Ntr function 
The T. ferrooxidans A TCC 33020 pHC79 cosmid library was transduced into the 
E. coli ntrA mutant ET8045 as described in Appendix C. The expression mixes were 
washed in 0,8% NaCl before plating onto GMM containing 0,2% arginine with 
antibiotic selection. As a positive control the plasmid pFB71 carrying the 
K. pneumoniae ntrA gene was transformed into E.coli ET8045 and plated onto the 
test medium. A proportion of each washed transduction expression mix was plated 
onto LBA ( + antibiotic) plates to determine the number of transductants. Growth was 
scored after incubation for 24 - 48 h at 300C. 
2.2.6 Experiments using complementation of the E. coli formate degradation 
pathway to screen for the T. ferrooxidans ntrA gene 
2.2.6.1 Testing of E. coli strains and controls for the gas positive phenotype. 
Control experiments were carried out to ensure that the ntrA mutants available in the 
laboratory were unable to produce gas and that a visual test for gas positive clones 
could be developed. E.coli ntrA mutant strains THI, YMC22, and ET8045, as well 
as an E.coli ntrA+ strain YMClO, with and without the cloned K. pneumoniae ntrA 
gene (pFB71) were inoculated into test-tubes containing either liquid TGYEPF 
medium (Appendix B) with Durham tubes or TGYEPF medium containing 0,8% 
agar, and then incubated at 35°C under anaerobic conditions for 12 - 24 h. These 
strains were also plated onto TGYEPF medium and overlaid with TGYEPF 
containing 0,8% agar (TGYEPF overlay plates) and incubated under the same 
conditions. This was to test whether single colonies of ntrA+ bacteria where 
identifiable by the formation of a pocket of gas within the agar. Appropriate 
antibiotic selection was provided in all cases. 
2.2.6.2 Screening for the T. fe"ooxidans ntrA gene by complementation of an 
E. coli ntrA mutant for gas production. The T. ferrooxidans ATCC 33020 pHC79 
cosmid library was transduced into the E. coli ntrA deletion mutant THl. 
Transductants were plated onto TGYEPF overlay plates (as described in secti~n 
2.2.6.1) with antibiotic selection and incubated anaerobically overnight at 35°C. 
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Complementation of ntrA product activity was identified by a pocket of gas 
surrounding a colony in the agar. 
2.2.6.3 "Shotgun" subcloning of the cosmid pT3. pT3 was digested with a range 
of restriction enzymes which have 6 bp recognition sites to identify enzymes which 
had few sites in pT3. Three suitable enzymes - EcoRI, EcoRV, and BamHI - were 
chosen for subcloning of pT3 to increase the likelihood of using a restriction enzyme 
which did not cut within the ntrA gene. Samples of pT3 were digested with EcoRI, 
EcoRV, and BamHI and ligated to the plasmid vectors pUCI9 (EcoRI digested), 
pUCI9 (Smal digested), and pUCI9 (BamHI digested) or pEcoR25I (BglII or 
BgllI-BamHI digested), respectively. The ligation mixes were transformed into 
E.coli THI and transformants were selected for the gas positive phenotype. 
Screening of large numbers of clones was carried out most effectively by direct 
selection on TGYEPF overlay plates, however in cases where there was a high 
proportion of gas positives it was found to be more efficient to screen by first plating 
onto LBA ( + antibiotic) plates, followed by toothpicking onto LBA ( + antibiotic) and 
TGYEPF overlay plates. This bypassed having to .repurify a gas positive colony from 
within a TGYEPF overlay plate containing many other colonies. 
2.2.6.4 Subcloning of pTlO. All subclones are shown on Fig. 2.3. pTI5 was 
constructed by cloning of a 3,4-kbp BamHI fragment from pTIO into pUCI8(BamHI). 
pTl 1 and pTI2 were Bgill and Sall deletions of pTIO, respectively. A 5,5-kbp 
BamHI fragment from pTIO was cloned into the Bglll site of the vector pEcoR252 to 
produce pT20. Digestion of pT20 with EcoRI and Sall, followed by filling in with 
Kienow enzyme and blunt-end recircularization ligation produced pT2I. pT22 was a 
Bgill-BamHI deletion derivative of pT2I. pT25 and pT26 were the result of insertion 
of a 3,7-kbp Bgill fragment from pT20 in both orientations in pEcoR252. A 2,8-kbp 
Sall-BglII fragment from pT20 was inserted into the Sall-BamHI sites of pUCI9 to 
generate pT29, however loss of the pUCI9 BamHI site prevented use of pT29 as a 
convenient substrate for exonuclease ill shortenings from both directions. 
Consequently, the same 2,8-kbp Sall-Bglll fragment from pT20 was recloned into the 
Sall site of pUCI9 by a two-step ligation process involving filling in with Kienow 
fragment of the insert Bglll end and one of the vector Sall ends to produce pT30. 
48 
2.2.6.5 Southern blotting and hybridization with pTlO against T.ferrooxidans 
chromosomal DNA. T.ferrooxidans chromosomal DNA (10 µg) and pTlO plasmid 
DNA (0,5 µg) were digested with Bg/11 and electophoresed together with ADNA(Pstl) 
as a molecular weight marker (Appendix D) on a 0,8% agarose gel. This was 
transferred to a Hybond N+ membrane by the method of Reed and Mann 
(1985)(Appendix C). pTlO and A.DNA (Boeringher Mannheim) were 32P-labelled by 
nick-translation (Appendix C). The section of the filter containing the ADN4 (Pstl) 
was sliced off and hybridization as described in Appendix C was carried out 
seperately. The autoradiograph was exposed after 20 h. 
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2.3 Results 
2.3.1 An attempt to clone the T. ferrooxidans ntrA by complementation of an 
E.coli ntrA mutant for Ntr function 
The T. ferrooxidans cosmid bank was transduced into the E. coli ntrA mutant ET8045 
and transductants were plated onto GMM containing arginine as a sole nitrogen 
source. Plating of a proportion of the transductants on LBA + Ap demonstrated that 
3000 transductants were screened on the minimal medium. ET8045(pFB71) cells 
grew as large colonies on the GMM (+ arginine). No positive clones were identified. 
2.3.2 An attempt to identify the T. ferrooxidans ntrA by hybridization with an 
A. vinelandii ntrA probe 
No positive hybridization signal was obtained between a 32_P-labelled A. vinelandii 
ntrA DNA probe and T.ferrooxidans chromosomal DNA digested in IOµg samples 
with the restriction enzymes BamHI, BglII, and Bell (data not shown). 
2.3.3 Testing of E.coli strains for the gas positive phenotype 
E. coli ntrA mutant strains THI, ET8045, and YMC22 were unable to produce gas 
when grown anaerobically in TGYEPF medium. These strains did not produce a 
bubble in the Durham tubes or cracks in the 0.8% agar (Fig. 2.1). In contrast, E.coli 
ntrA+ strain YMCIO (which is the parent of the ntrA mutant strains) and E.coli THI, 
ET8045, or YMC22 containing the cloned K. pneumoniae ntrA gene produced a gas 
bubble in the Durham tubes and caused dramatic cracks in the 0.8% agar (Fig. 2.1 ). 
These control strains were also used to demonstrate that plating onto a TGYEPF 
overlay plate was a simple and efficient manner to screen for gas positive clones 
(Fig. 2.2). 
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Fig. 2.1. Test of E.coli strains for the gas+ phenotype. Strains were inoculated into 
TGYEPF medium containing 0,8% agar and grown anaerobically at 37°C for 15 h. 
Tubes: (A) YMClO; (B) YMClO(pFB71); (C) THI; (D) THl(pFB71); (E) YMC22; . 
(F) YMC22(pFB71). 
2.3.4 Isolation of the T. fe"ooridans ntrA gene by complementation of an E. coli 
ntrA mutant for gas production 
The T.ferrooxidans cosmid bank was transduced into the gas-negative E. coli ntrA 
mutant THI and four gas producing colonies were isolated out of 2000 transductants 
screened. Transformation of cosmid DNA from each colony into E. coli THI 
confirmed the gas positive phenotype. Restriction enzyme fragments common to all 
four cosmid clones were observed and showed that the cloned inserts were greater 
than 40-kbp in size (results not shown). One clone, pT3, was chosen for further 
analysis. 
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Fig. 2.2. Illustration of the screening technique for identifying gas positive colonies 
in a TGYEPF overlay plate. This photograph is a closeup of a plate containing a 
mixture of gas+ and gas- E. coli colonies. The arrow indicates a gas pocket within the 
agar produced by a colony of gas+ cells. 
2.3.5 Subcloning of pT3 to localize the T. ferrooxidans ntrA gene 
"Shotgun" subcloning of pTI produced 10 subclones which conferred the gas positive 
phenotype on E.coli THI (see section 2.2.6.3). The smallest subclone pTIO was 
chosen for further work, and a restriction map of this subclone was compiled 
(Fig. 2.3). pTlO was constructed by ligation of a mixture of EcoRl digestion products 
of pTI and the vector pUC19 (EcoRI), however it was observed that pTlO contained 
the original pHC79 cosmid vector and not the pUC19 vector. As can be seen on 
Fig. 2.3, it consisted of two EcoRl fragments of 8,8-kbp (containing the vector 
pHC79) and 6,8-kbp. pTlO therefore arose from either a pTI EcoRI partial digest and 
recircularization event, or from the recloning of a non-contiguous 6,8-kbp EcoRI 
fragment by the EcoRI fragment spanning the cosmid vector pHC79. It is not clear as 
to whether these EcoRl fragments were adjacent in the original cosmid clone pT3, 
however further work in this project was carried out only with sequences internal to 
the 6,8-kbp Eco RI fragment. 
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Several subclones of pTIO (Fig. 2.3 - see section 2.2.6.4 for descriptions of 
constructs) were tested for the gas positive phenotype in E. coli THI. Plasmids pTI I, 
pTI2, and pTI5 tested negative. pT20 tested positive, which enabled delineation of a 
2,8-kbp SalI-BglII fragment which encoded the ability to confer the gas positive 
phenotype on E. coli THI. This fragment was subcloned into the vector pUCI9 to 
produce pT30 in preparation for DNA sequencing. 
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Fig. 2.3. Restriction Map and subclones of pTI 0. The full extent of both insert and 
vector sequences are shown for each plasmid subclone. T. ferrooxidans DNA is 
indicated by single lines, while vector DNA is indicated by boxes. The name given to 
each subclone is indicated on the left hand side, while the vector name as well as the 
gas positive ( +) or gas negative (-) phenotype of each subclone in the E. coli ntrA 
mutant strain THI are indicated on the right hand side. The two EcoRI fragments of 
pTIO are indicated by a thin line (6,8-kbp fragment containing only T.ferrooxidans 
DNA and the coding sequences analyzed further in this study), and a dashed line plus 
a box (8,8-kbp Eco RI fragment containing T. ferrooxidans DNA + pHC79 vector 
sequences) to show that these 2 EcoRI fragments may not be contiguous in the 
original cosmid clone pT3. The solid box indicates the extent of the 3,7-kbp BglII 
fragment which gave a positive hybridization signal between pTIO and 
T. ferrooxidans chromosomal DNA (section 2.3.6). B, BglII; Bm, BamHI; P, Pstl; 
R, EcoRI; S, Sall 
53 
2.3.6 Southern hybridization of pTlO against T.ferrooxidans chromosomal DNA 
A 3,7-kbp Bgm fragment (shown on Fig. 2.3) internal to the 6,8-kbp EcoRI fragment 
of pTIO (and containing the minimal fragment encoding the gas positive phenotype) 
hybridized to a T.ferrooxidans chromosomal fragment of the same size (Lane B; 
Fig. 2.4 ), confirming the origin of this fragment. The two other hybridization signals 
at >20-kbp and 11-kbp in the T.ferrooxidans Bgffi digest (Lane B; Fig. 2.4) represent 
hybridization between pTIO and the two T.fefrooxidans chromosomal Bgffi 
fragments which flank the 3,7-kbp Bglll fragment. pHC79 did not hybridize to 
T.ferrooxidans chromosomal DNA (result not shown). 





Fig. 2.4. Hybridization of pTIO against T.ferrooxidans chromosomal DNA. 
Autoradiograph of 32P-labelled pTIO hybridized to pTIO(Bglll)(lane A) and 
T. ferrooxidans chromosomal DNA(Bgill)(lane B). Lane (C) shows 32P-labelled 
A.DNA hybridized seperately to 1..DNA(Pstl) as a molecular weight marker. Arrows 




Techniques which were used for the isolation of the ntrA genes from K. pneumoniae 
(de Bruijn and Ausubel, 1983; Merrick and Stewart, 1985), A. vinelandii (Toukdarian 
and Kennedy, 1986), and two Pseudomonas strains (Kohler et al., 1989; Inouye · 
et al., 1989; Ishimoto and Lory, 1989) proved to be unsuccessful when applied to 
T. ferrooxidans. This required the development of a novel strategy employing 
complementation of an E.coli ntrA mutant for expression of another NtrA-dependent 
phenotype: gas production under anaerobic growth conditions in the presence of 
formate. This method was used successfully to isolate overlapping recombinant 
clones from a T. ferrooxidans cosmid gene library which were able to confer the gas 
positive phenotype on an E. coli ntrA mutant. A selected cosmid clone was subcloned 
down to a minimal active fragment to enable demonstration that this complementation 
was due to the product of the cloned T.ferrooxidans ntrA gene (see Ch. 3 and Ch. 4). 
The reason why no clones were isolated by complementation of an E.coli ntrA mutant 
for the ability to grow on minimal medium with arginine as a sole nitrogen source 
became clear when the putative T. ferrooxidans ntrA gene was tested for this 
complementation once it had been cloned. Several clones of the putative 
T.ferrooxidans ntrA gene carried on different vectors (pT3, pT20 - Fig. 2.3; pT40, 
pT41, pT50 - Ch. 4) were transformed into the E.coli ntrA mutant and plated onto 
minimal medium containing arginine. The amount of growth obtained was equivalent 
to that shown by the E.coli ntrA mutant transformed with vector DNA and much less 
than the parent E. coli YMClO strain or an E.coli ntrA mutant carrying a cloned 
K. pneumoniae ntrA gene (results not shown). 
Although expression of these cloned genes may differ, this indicates that the putative 
T. ferrooxidans ntrA gene product is not as functionally related to the E. coli ntrA 
gene product as are the ntrA gene products from K. pneumoniae, A. vinelandii, and 
P. putida which complemented E . coli ntrA mutants for Ntr function. The basis of 
this complementation is that these heterologous ntrA gene products are able to direct 
transcription from the NtrA-dependent promoters of the E.coli arginine utilization 
(aut) system. Nevertheless, the putative T.ferrooxidans ntrA gene product was able 
to replace the E.coli ntrA gene product activity with respect to transcription of the 
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NtrA-dependent promoters of the formate degradation pathway as this formed the 
basis of the cloning strategy. A possible explanation is that arginine utilization is 
tested on minimal medium and is essential for growth whereas gas production is 
tested on a rich medium and is not required for growth. The putative T. ferrooxidans 
NtrA may promote transcription from the E.coli NtrA-dependent arginine utilization 
promoter(s) too weakly to permit growth on arginine. However, the sensitivity of 
detecting gas bubble formation enabled identification of transductants in which 
transcription of the E. colifdhF promoter was directed by the putative T.ferrooxidans 
NtrA. 
The inability to detect the T. ferrooxidans ntrA gene by hybridization with an 
A. vinelandii ntrA gene DNA probe was also clarified once the DNA sequence of the 
T.ferrooxidans ntrA gene had been determined (Ch. 3). As the codon usage and GC 
bias differs between bacteria it is clear that functional similarities between two 
proteins which may be reflected in amino acid sequence identities may not necessarily 
be reflected in DNA sequence identities. Alignment of the DNA sequence of the 
T.ferrooxidans ntrA gene (Ch. 4) with that of the A. vinelandii ntrA gene showed 
42% identity (data not shown) using the University of Wisconsin Genetics Computer 
Group (UWGCG) GAP program. Identity was therefore too low to enable detection 
under the hybridization conditions used. Indeed, it was reported by 
Ronson et al., (1987b) that no positive signals were obtained on screening R. meliloti 
DNA with a K. pneumoniae ntrA gene probe where there is 38% identity at the DNA 
level between ntrA genes. The DNA sequence of the P. aeruginosa ntrA gene is not 
available, however it is likely to have very high DNA identity to the P. putida ntrA 
gene which shows 80% identity at the DNA level to the A. vinelandii ntrA gene (the 
probe used to isolate the P. aeruginosa ntrA gene, Ishimoto and Lory, 1989). 
The simplicity and sensitivity of the TGYEPF overlay technique for screening gene 
libraries for heterologous ntrA genes in E. coli indicates that it has great potential for 
the isolation of ntrA genes from other bacteria. This is of importance as current 
interest in NtrA is increasing (note that four papers on the cloning of ntrA genes 
appeared in 1989) due to the realisation that NtrA is central to the transcription of 
genes involved in a wide range of physiological processes in many bacteria 
(see section 1.4). 
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The nucleotide sequence of a 2,8-kbp T. ferrooxidans DNA fragment from the 
plasmid pTIO, which conferred the gas positive phenotype on the E. coli ntrA mutant 
strain THl, was determined. Three open reading frames (ORFs) were identified. The 
central ORF corresponded to the T.ferrooxidans ntrA gene and encoded a predicted 
translation product of 475 amino acids (aa) (calculated Mr 52972). The 
T.ferrooxidans NtrA protein had 51, 50, 49, 40, 28% aa sequence identity with the 
NtrA proteins of K. pneumoniae, P. putida, A. vinelandii, R. meliloti, and 
R. capsulatus, respectively. An ORF coding for a protein of 241 aa (calculated 
Mr 27023) was situated 12 bp upstream of the T.ferrooxidans ntrA gene. This protein 
showed 57% aa identity with the product of the ORFl located upstream of the 
R. meliloti ntrA gene. Downstream of the T.ferrooxidans ntrA gene the front end of 
an ORF, called ORF3, was identified. The predicted 78 N-terminal aa encoded by 
ORF3 showed 38, 38, 29, and 20% aa identity with conserved ORFs immediately 




Nucleotide sequencing is a powerful tool in understanding the genetic determinants 
responsible for a phenotype. The nucleotide sequences of ntrA genes from five 
bacterial species have been determined to date. The DNA sequences of ntrA genes 
and flanking regions from K. pneumoniae (Merrick and Gibbons, 1985; Merrick and 
Coppard, 1989), A. vinelandii (Merrick et al., 1987;· Merrick and Coppard, 1989), 
R. meliloti (Ronson et al., 1987b; Albright et al., 1989b), R. capsulatus (Jones and 
Haselkorn, 1989; Alias et al., 1989), and P. putida (Inouye et al., 1989; Kohler 
et al., 1989a) have been made available in the EMBL\Genbank\DDBJ databases under 
the accession numbers X103147\X16335, X05888, M16513\M24926, 
X12358\X15437, and M24916\X16474, respectively. 
Analysis of this sequence data for ORF's has been very useful in determining the size 
of ntrA genes and identifying possible flanking genes. This has been especially useful 
because due to the acidic nature of NtrA proteins they have been found to migrate 
anomalously when analyzed by SDS-polyacrylamide gel electrophoresis 
(SDS-P AGE). The K. pneumoniae NtrA, for example, has an actual M, of 54 kDal 
but it migrated at the position of a 75 kDal protein on SOS-PAGE (Merrick and 
Gibbons, 1985). 
The predicted translation products of these five ntrA genes have been determined and 
this has enabled identification of conserved regions within NtrA proteins which may 
represent functional domains (Merrick et al., 1987). The availability of aa databases 
and computer based search and alignment programs has been valuable, especially with 
respect to ascribing possible functions to these conserved regions and to those 
proteins which are encoded by the ORFs linked to ntrA genes. 
The presence of conserved ORFs upstream and downstream of ntrA genes appears to 
be true for at least K. pneumoniae, P. putida, and R. meliloti (Merrick and Gibbons, 
1985; Merrick and Coppard, 1989; Inouye et al., 1989; Ronson et al., 1987b), while in 
A. vinelandii the downstream ORF is conserved (Merrick et al., 1987). 
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The function of the product of the upstream ORFl, which has been studied in 
R. meliloti, is not clear; however the inability to construct chromosomal mutants in 
this locus and the absence of transcriptional coupling between ORFl and ntrA 
indicate that ORFl may encode a protein involved in housekeeping functions which is 
not essential for NtrA function (Albright et al., 1989b). The absence of 
transcriptional stop signals between ntrA and the downstream ORF in K. pneumoniae, 
P. putida, R. meliloti, and A. vinelandii indicates that 'this may form part of an operon. 
Merrick and Coppard (1989) have shown that at least in K. pneumoniae there are two 
ORFs downstream of the ntrA gene which are involved in modulation of NtrA-RNA 
polymerase activity. The context of the R. capsulatus nijR4 (ntrA) gene which is 
downstream of the nifHDK genes and upstream of the nifA gene appears to be 
different from ntrA genes in the other bacteria studied (Jones and Haselkom, 1989). 
Nucleotide sequence data can also provide clues as to regulatory regions which may 
be involved in the expression of the ntrA gene itself. Previous studies had indicated 
that the ntrA gene in E.coli (Castano and Bastarachea, 1984), K. pneumoniae 
(de Bruijn and Ausubel, 1983; Merrick and Stewart, 1985), and R. meliloti (Ronson 
et al., 1987b) was constitutively expressed at a low level and not subject to regulation 
by levels of available nitrogen. 
In addition, the following possible regulatory elements have been recognized: -35 and 
-10 promoter-like regions and a weak ribosome binding site 5' to the K. pneumoniae 
ntrA gene (Merrick and Gibbons, 1985); a -10 promoter-like region and the absence 
of a consensus ribosome binding site 5' to the A. vinelandii ntrA gene (Merrick 
et al., 1987); a -35 promoter-like region and poor consensus to the E.coli -10 
promoter-like region 5' to the start of the mapped R. meliloti ntrA gene transcript 
(Albright et al., 1989b). In contrast, expression of a R. capsulatus nijR4::lacZ fusion 
was increased 10-fold in the absence of ammonia and oxygen (Kranz and Haselkom, 
1985) and no consensus promoter-like sequences could be identified in the sequence 
5' to the nijR4 gene (Jones and Haselkom, 1989). 
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In this study the nucleotide sequence of the 2,8-kbp T.ferrooxidans DNA insert in 
pTIO was determined to confirm that the T.ferrooxidans ntrA gene was responsible 
for complementation of the gas positive phenotype in the E. coli ntrA mutant THI . 
The context of the T. ferrooxidans ntrA gene with respect to linked ORFs was 
elucidated. The predicted translation product of the T.ferrooxidans ntrA gene was 
compared at the level of primary aa sequence to the five NtrA protein sequences 
available. Conserved regions, which may have functional significance, were 
identified. 
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3.2 Materials and Methods 
3.2.1 Bacterial strains and plasmids 
E.coli strain LKll 1 (Appendix A) (Zabeau and Stanley, 1982) was used for 
propagation, subcloning, and exonuclease III shortening of DNA inserts in the vectors 
pUC18, pUC19 (Norrander et al., 1983) and Bluescript SK+ and KS+ (Stratagene, 
San Diego) (Appendices A, F). 
3.2.2 Media, buffers, and enzymes 
All media and buffers not described in the text are given in Appendix B. Restriction 
endonucleases, T4 DNA ligase, and Sl nuclease were purchased from Boehringer 
Mannheim Biochemicals. Exonuclease ill was obtained from Bethesda Research 
Laboratories. 
3.2.3 Sequencing strategy 
The plasmid pT30 (see Ch. 2) was used to generate overlapping deletions from both 
ends of the insert, using the exonuclease ill shortening technique (Henikoff, 1984, 
1987). Some templates for sequencing were generated by subcloning to confirm areas 
of sequence obtained from exonuclease ill templates or to cover gaps (Fig. 3.1). The 
whole insert of pT30 was sequenced at least once on each strand. 
3.2.4 Exonuclease III shortening of pT30 and cloning of shortened fragme~ts 
pT30 digested with either of the restriction endonuclease pairs Sacl-BamJn or 
SalI-Sphl served as templates for unidirectional digestion using exonuclease ill by an 
adaptation of the method of Henikoff (1984, 1987). The template created by the 
Sacl-BamHI enzyme pair enabled shortening from the Bgill end of the T.ferrooxidans 
insert in pT30, while the template produced by the SalI-Sphl enzyme pair was used to 
shorten from the other end (Sall). After digestion, the linearised plasmid (10 µg) was 
precipitated with isopropanol, resuspended in Exo-buffer (100 µl) (Appendix B), and 
equilibrated at 37°C (5 min). Eleven microfuge tubes containing ice cold Sl nuclease 
mixture (25 µl) (Appendix B) were prepared immediately before starting the 
shortening reaction. A sample (9 µl) of linearised plasmid in Exo buffer was removed 
to a microfuge tube containing S 1 nuclease mixture before the shortening reaction 
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was initiated by the addition of exonuclease III (300 units). Samples (9 µl) were 
removed at 30 s intervals and added to the 10 remaining microfuge tubes containing 
the S 1 nuclease mixture. The microfuge tubes were incubated at room temperature 
for 30 min while the S 1 nuclease digested any single stranded DNA present. The 
Sl nuclease reaction was stopped by the addition of Sl stop solution (3,4 µI) 
(Appendix B) to each microfuge tube and incubation at 7fJJC for 10 min. The extent 
of shortening was checked by electrophoresis of approximately 200 ng DNA (8 µI) 
from every second tube on an agarose gel (0,8% w/v) in Tris-acetate buffer. The 
exonuclease ill-generated ends were filled in by the addition of DNA polymerase I 
(Kienow) (0,5 units per tube) in Kienow buffer (Appendix B), incubation at room 
temperature for 3 min, followed by a further incubation of 5 min in the presence of a 
mixture of dNTP's (0,125 mM each, A, C, G, and T). The shortened DNA was 
religated by the addition of ligation mixture (120 µI) (Appendix B) to each tube, at 
15°C for 4 h. Competent E. coli LKl 11 cells were transformed with the ligation 
mixtures and selection was on LBA plates containing Ap (100 µg/ml). 
3.2.5 Construction of subclones for nucleotide sequencing 
Subclones (Fig. 3.1) were constructed using suitable restriction endonuclease sites 
which were identified during the course of the sequencing project. pT30-C3P was 
constructed by deletion of a 213 bp Pstl fragment (from the Pstl site within the 
pUC19 multiple-cloning-site to the Pstl site at position 203 on Fig. 3.1) from the 
exonuclease m shortened clone pT30-C3 (Fig. 3.1). The two Clal restriction 
endonuclease sites within pT30 were found to be subject to methylation and therefore 
resistant to digestion if the plasmid was isolated from a dam+ E. coli strain such as 
LKl 11 (Backman, 1980). This necessitated the transformation of plasmids pTIO-D 
and pTIO-C (Fig. 3.1) into the dam- E.coli strain GM41 (Appendix A) and reisolation 
of unmethylated plasmid DNA. 
pT40 and pT41 were constructed by subcloning of a 1,69-kbp Clal(at position 802 on 
Fig. 3.1)-EcoRl(within the multiple-cloning-site of pUC19) fragment from the 
exonuclease m shortened clone pTIO-D (Fig. 3.1) into the Clal, EcoRI sites of 
Bluescript KS+ and Bluescript SK+, respectively. Interestingly, E.coli LKl 11 (pT40) 
cells grew as blue colonies on YTA + Xgal plates (Appendix B). Observation of the 
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DNA sequence of pT40 indicated that this was most probably due to a fortuitous 
translational fusion between an ORF containing an A TG start codon which could be 
seen out of frame with and 30 bp 5' to the stop codon of the T. ferrooxidans ntrA gene, 
but in frame with the lacZ gene. The 552 bp C/al fragment from pT30-D was inserted 
into the ClaI site of Bluescript SK+ to generate pT30-DC (Fig. 3.1). 
pT30-CV was the result of insertion of a · 180 bp C /al(position 802 on 
Fig. 3.1)-Ncol(position 982 on Fig. 3.1) fragment into the ClaI, EcoRV sites of 
Bluescript SK+. LK11 l(pT30-CV) cells also grew as blue colonies on YTA + Xgal 
plates. DNA sequencing revealed that in the process of construction of pT30-CV the 
insert NcoI end had been filled-in with Kienow and ligated to the vector ClaI end, the 
5'-overhang of which had been flushed off by Kienow, while the 5'-overhang of the 
insert ClaI end had also been flushed off enabling ligation to the vector EcoRV end. 
The filled-in NcoI site resulted in an ATG codon, which fortuitously was in frame 
with the lacZ gene, therefore probably giving rise to the lac positive phenotype. 
3.2.6 Nucleotide sequencing 
Recombinant plasmids resulting from either exonuclease Ill shortening, or from 
subcloning (Fig. 3.1), were analyzed by restriction endonuclease mapping before the 
preparation of CsCl purified plasmid DNA for sequencing (Appendix C). The 
preparation of template DNA, primer annealing, sequencing reactions, and the gel 
electrophoresis and autoradiography, are described in Appendix C. 
3.2.7 Sequence analysis 
The DNA and aa sequences were analyzed with the IBM XT computer Genepro 
(Version 4.1) programme and a VAX computer using the UWGCG sequence analysis 
package version 6.1 (Devereux, 1984) and associated databases. A table of one- and 
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Fig. 3.1. Sequencing strategy for determination of the nucleotide sequence of the 
T.ferrooxidans DNA insert in pT30. The single line represents the 2,8-kbp San-Bgffi 
T. ferrooxidans DNA insert in pT30, the complete nucleotide sequence of which was 
determined. Numerals refer to nucleotides from the San site and match those in 
Fig. 3.2. Proposed ORFs are indicated by open boxes. The arrows indicate the extent · 
of sequence obtained from each deletion clone produced by the method of Henikoff 
(1987) using exonuclease ill. Those regions where sequence data was obtained from 
subclones are indicated by an arrow preceded by a filled circle. The extent of the 
T.ferrooxidans DNA inserts in the exonuclease III generated deletion clones pT30-C, 
pT30-D, and pT30-C3 used for the production of the subclones are shown by filled 







3.3.1 Nucleotide sequence of the T. f e"ooxidans ntrA gene and flanking regions 
The nucleotide sequence of the 2,8-kbp SalI-Bgill T.ferrooxidans DNA insert in 
pT30 is shown in Fig. 3.2. 
(Fig. 3.1). 
Analysis of the sequence data revealed three ORFs 
GTCGACGCGATl'GCCGGCAAGGTGCATCAGGCTACGGCGGTGGGGAG 
48 CCCGGTCACCTTCACCATGTCCGCAGCGCAGCGCCACGGCTATGGCGACACCCTGGTCTACAAGCCTGGCAAGGGCGAGATCGTGCTCACGGGTAACGCCCATCTCTGGCAGAAAAAGAA 
16 8 CGAGATCAGTGGGCAGCAGGTCACTTATTTCCTGCAGACTCAGCAAACCGCCGTCACCGCGGCACCCGGTAAGCGTGTGCAATCGATCTTTTATCCCGCTGCGGCGGGCCGCTCCGCTGG 





A R M G L G Y L P Q E P S V F R Q M S A A D N V L A V L E T L P L S P V E .R Q E 
648 CGTCAGGAACAACTGCTCAGTGAGTTACATCTTCATGCATl'GCGTGACACCAAAGGACACAGCCTTTCCGGTGGTGAGCGGCGGCGTGTGGAAATl'GCGCGGGCGCTGGCCATGAGTCCG 
R Q E Q L L S E L H L H A L R D T K G H S L S G G E R R R V E I A R A L A M S P 
76 8 CGTTTTATCCTGCTCGATGAGCCATTCGCTGGTATCGATCCTATTTCCGTGCTGGAAATTCAACGCCTGATCCGGGACCTGCGCGCGCGCGGCATCGGGGTTCTGATAACCGATCATAAC 
RFILLDEPFAGIDPISVLEIQRLIRDLRARGIGVLITDHN 
888 GTGCGCGAGACGTTAGGCATTTGCGAGCGCGCCTATATACTGCATGATGGTAAAGTGCTGACGGCGGGCAGCCCGCAGGAAATCGTl'GATGATCCCATGGTGCGGCAGGTTTACCTGGGA 
V R E T L G I C E R A Y I L H D G K V L T A G S P Q E I V D D P M V R Q V Y L G 
100 8 GATCAGTTTCAAATCTGATTTTGGGATATTATGAAACAAGGCTTAGAACTCAAGCTCGGCCAGCATCTGGCCATGACGCCGCAACTGCAACAGGCGATTCGTCTGCTGCAGTl'GT:TACG 
DQFQI MKQGLELKLGQHLAMTPQLQQAIRLLQLST 
1128 GTCGATCTGCAGCAAGAGGTTCAAGGTATGCTGGAGAGCAACCCGCTGCTl'GATGAAGAAACCGGAGACGAAGGCGGTGGCGGGCCGATCCCGGAGACCGTGGAACTTCCTTCCGAAGAG 
V D L Q Q E V Q G M L E S N P L L D E E T G D E G G G G P I P E T V E L P S E E 
124 8 CGCCAGTTGGATCTGGCGGCTGAGAATATCCTGCCCGACGAGTl'GCCGGTAGACAGCCAGTGGGACGACATCTTCGACATGGGAACCTCGGGCTCCGGTAATGGTTCCGACGAGGATCTG 
RQLDLAAENILPDELPVDSQWDDIFDMGTSGSGNGSDEDL 
1368 CCGGATTTl'GAATCGCGCAACAGCCGCACCCAGAGCCTGCAGGACTACCTCCGCTGGCAGGCCGACATGACGCACTTCACTGCTGACGAACGCAACATGGCGGAGTl'GATCATCGACGCC 
P D F E S R N S R T Q S L Q D Y L R W Q A D M T H F T A D E R N M A E L I I D A 
1488 ATl'GATGAGCGTGGTTATCTCGCAGACAGCCTGGAAGACCTCGCCGCCACAATGAATGTGCAGGAGGATGCGCTGCTGGCCGTGCTGCTCCGTGTGCAGGACTTCGACCCGCCGGGTGTT 
I D E R G Y L A D S L E D L A A T M N V Q E D A L L A V L L R V Q D F D P P G V 
1608 GGCGCGCGCAATCTCAGCGAGTGCCTCCTGCTGCAGCTGAAGCAGATGGTGGAAAAAGATGACGCGCACGTGTl'GCTGGCCCAGCGGATl'GTGAAGGACCATCTGCAAGCCTTGGGCCGT 
G A R N L S E C L L L Q L K Q M V E K D D A H V L L A Q R I V K D H L Q A L G R 
1728 CATGATTACCCGCGTCTGTGCACGGTGCTGGGCGTGGATGAAGCGGCATl'GCGTGCGGCGATGGCGCTGATTTCCGCACTGAATCCCAAGCCCGGTGAAGATGTGGGCACCGAGAGCACC 
H D Y P R L C T V L G V D E A A L R A A M A L I S A L N P K P G E D V G T E S T 
1848 GAGTATGTGATCCCCGATGTGATCGTGCGCTGGGCCGGCAGCCGCCTGCGCACCGATCTGAATCCCGAGGCCATGCCCAAATTACGCATCAATCGTCACTATGCCGACATGGCGGGCGGG 







23i 8 GACGCACAACACCCCCTCAGCGACGCGGAAATl'GCCCGGGTGCTGGCCGATCAGGGCATTCAGATCGCGCGGCGAACGGTGGCCAAGTACCGCGAAGCGGCCAATGTCCCACCGGCGAGC 
DAQHPLSDAEIARVLADQGIQIARRTVAKYREAANVPPAS ..... 
2448 CAGCGCCGTCGTTTGTGAGGGCGTGGGGCCAGGGTTTTTTGCTGGCGCCGTTGGCGTTACACTGAAGCCGGGGCGCACCGTGGGACGCGGGTGCGCATCATCACCTGGATAGGAGAACGC 
Q R R R L • 
25 68 CATGCAGATTACCATTACCGGGCAGCACCTGGATTTGACGGATTCCATCAAAAACTATGCCGATGAAAAGATCGGGCGCCTTGGCCGTTACTTCGATCACGTCAGCAACGCTCAGGTGGT 
MQITITGQHLDLTDSIKNYADEKIGRLGRYFDHVSNAQVV 
26 88 GCTAAAGCACCTCCCCCACGAAAAACTGAGCAACGTCGTGGACATTACGGTCAATGCTCCGGGGCACGTCTTCCATGCGGAGGTGCATGATGCCGATATGTACACGGGCATAGATCT• 
LKHLPHEKLSNVVDITVNAPGHVFHAEVHDADMYTGID 
Fig. 3.2. Nucleotide sequence of the 2,8-kbp SalI-Bgill DNA insert in pT30 
containing the T.ferrooxidans ORFl, ntrA, and ORF 3, with predicted translation 
products. Nucleotides are numbered from the first base of the Sall site. Possible 
ribosome-binding sites are indicated with asterisks. A putative -10 promoter sequence 
for ntrA is shown by a dashed overline. The inverted repeat sequence at position 491 
is indicated by arrows. These data have been assigned the Genbank accession number 
M33831. 
66 
Evidence for the authenticity of these ORFs as coding for functional proteins was 
provided by analysis of the sequence data using the UWGCG application TESTCODE 
which aids identification of protein-coding ORFs by plotting a measure of the 
non-randomness of the nucleotide composition at every third base. TESTCODE uses 
a statistic based on measurements of the period three compositional constraints in the 
entire Genbank database for regions thought to be coding and non-coding (Fickett, 
1982). TESTCODE produces a graph which predicts coding regions to a 95% level 
of confidence, represented by any plot above a level of 9.5 TESTCODE units. As can 
be seen on Fig. 3.3 there is a plot above this level corresponding to each ORF 












0 500 1,000 1, 500 2,000 2, 500 
ORF1 NTRA ORF3 
Fig. 3.3. TESTCODE analysis of the 2,8-kbp DNA insert in pTIO. The horizontal 
axis represents the 2,8-kbp T.ferrooxidans DNA insert with the ORFs predicted from 
the nucleotide sequence (ORFl, NTRA, ORF3) shown as open boxes below. The 
vertical axis is in TESTCODE units, with two horizontal lines demarcating the 
three "windows" of probability for protein-coding sequences:- < 7.5 units 
low probability; 7.5-9.5 units: intermediate probability;> 9.5 units: 95% probability. 
The central ORF (1428 bp) coded for an acidic protein with a calculated Mr of 52927. 
The predicted aa sequence of this ORF was aligned with the K. pneumoniae (Merrick 
and Gibbons, 1985), A. vinelandii (Merrick et al., 1987), R. meliloti (Ronson 
et al., 1987b), R. capsulatus (Jones and Haselkom, 1989; Alias et al., 1989), and 
P. putida (Inouye et al., 1989; Kohler et al., 1989a) ntrA gene products (Fig. 3.4). 
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Regions of aa sequence homology, reported previously for ntrA gene products 
(Merrick et al., 1987), were observed (see section 3.3.2) and identified this ORF as 
the T. ferrooxidans ntrA gene. The percentage similarity between the various ntrA 
gene products is shown in Table 3.1. 
Table 3.1. Percent similarity of ntrA predicted products. Numerals 
refer to % identical amino acids in pairwise alignments using the 
UWGCG program GAP. 
Bacteriuma T.f. K.p. P.p. A.v. R.m. 
T.f. 
K.p. 51 
P.p. 50 55 
A.v. 49 58 83 
R.m. 40 39 37 38 
R.c. 28 29 34 32 34 
a T.f., T. ferrooxidans, K.p., K. pneumoniae, P.p., P. putida, 
A.v., A. vinelandii, R.m., R. meliloti, R.c., R. capsulatus. 
The acidic nature of the T.ferrooxidans ntrA gene product, which is a feature of NtrA 
proteins, is demonstrated in Table 3.2. A weak ribosome binding site GGGA was 
present at position 1030 (Fig. 3.2). There were no clearly identifiable -35 promoter 
sequences although a putative -10 promoter sequence (TATATA) at position 921 was 
detected (Fig. 3.2). 
3.3.2 Amino acid sequence similarity between the T.fe"ooridans NtrA and 
other NtrA proteins 
Merrick et al. (1987) compared the NtrA proteins from A. vinelandii (AvNtrA), 
K. pneumoniae (KpNtrA), and R. meliloti (RmNtrA) and divided the proteins into 
three regions based on aa sequence conservation. This analysis has been extended to 
cover the more recently sequenced P. putida NtrA (PpNtrA), which shows 83% 
identity to the AvNtrA, and the least conserved R. capsulatus NtrA (RcNtrA) 
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Fig. 3.4. Alignment of the deduced amino acid sequence of the T. ferrooxidans NtrA 
with other NtrA proteins. Amino acids are identified by the single letter code and 
regions which are conserved (see Appendix E for scheme of conservative 
substitutions) in at least five NtrA proteins are boxed. Numerals refer to aa positions 
m each NtrA protein. Tf, T.ferrooxidans NtrA; 
Pp, P. putida NtrA; Av, A. vinelandii NtrA; 
Re, R. capsulatus NtrA. 
Kp, K. pneumoniae 
Rm, R. meliloti 
NtrA· 
' NtrA; 
Region 1 encompasses the first 48 aa of the NtrA proteins. The N-terminal 48 aa of 
the TfNtrA shows 77, 73, 75, 42 and 25% identical aa to this region of the KpNtrA, 
AvNtrA, PpNtrA, RmNtrA, and RcNtrA proteins, respectively (when conservative 
substitutions are taken into account the % similarity increases to 92, 88, 85, 60 and 
40%, respectively). Region 1 of the TfNtrA is also glutamine and leucine rich, and 




















Region 2 refers to a variable length of non-conserved aa sequence adjacent to 
Region 1. This region is present in the TtNtrA from Glu49 to Gln121. Although 
there is little sequence conservation between the six NtrA proteins in this region there 
is a stretch of 15 aa from Leu81 to Phe95 of the TtNtrA which shows similarity to the 
KpNtrA, AvNtrA, and PpNtrA; but not to the RmNtrA and RcNtrA. A glycine 
residue within this region, which was identified as essential in the RcNtrA (Gly108: 
Alias et al., 1989), is conserved in all six NtrA protein sequences (position 155 in the 
TtNtrA; Fig. 3.4). Region 3 corresponds to the C-terminal two thirds of the NtrA 
proteins which show an average of 50% similarity with sub-regions of even greater 
similarity. Region 3 in the TtNtrA extends approximately from Ser122 to the 
C-terminal end. The putative DNA-binding helix-tum-helix (HTH) motif within 
Region 3 is highly conserved in the TtNtrA and extends from Leu366 to Asn385·. 
Alignment of this potential DNA-binding site in NtrA proteins with HTH motifs of 
other DNA-binding proteins is shown in Fig. 3.5. The stretch of 9 aa from Ala453 to 
Arg461 near the C-terminus of the TtNtrA is 100 % conserved in all 6 NtrA proteins. 
1 10 20 
TfNtrA (366) L RH I A DAV E M H E s TV s R VT N 
* * * * * * * * * * * 
KpNtrA (367) L AD I A QAV E M H E s T I s R VT T 
* * * * * * * * * * * 
PpNtrA (387) L H D I A EA VG M H E s T I s R VT T 
* * * * * * * * * * * 
AvNtrA (392) L H D I A EAVG M H E s T I s R VT T 
* * * * * * * * * * * 
RmNtrA (394) L T I VA D A I K M H E s TV s R VT s 
* * * * * * * * * * * 
RcNtrA (313) L E D VA s ELG L HA s T I s R AV s 
EcLacI ( 6 ) L y D VA E YAG V s y Q TV s R VVN 
EcGalR ( 4) I K D VA R LAG V s VA TV s R V I N 
EcCytR (12) M K D VA L KA K V s TA TV s R ALM 
Fig. 3.5. Alignment of the helix-tum-helix (HTH) motif in NtrA proteins with HTH 
motifs in known DNA-binding proteins. Amino acids (aa) which are conserved 
between NtrA proteins and the helix-tum-helix (HTH) motifs at the N-terminus of the 
E. coli lac repressor (EcLacl), gal repressor (EcGalR), and cytR protein (EcCytR) are 
blocked, and those aa conserved between NtrA proteins are indicated by an asterisk. 
Numerals refer to the positions within the HTH motif. Figures in parenthesis refer to 
the position in the protein of the first .aa in each sequence. 
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Table 3.2. Amino acid composition (mole%) of TtNtrA compared with KpNtrA. 
Amino acids TtNtrA KpNtrA Average proteina 
Acidic 15,5 16,7 11,5 
(D +E) 
Acid + acid amide 25,3 27,6 19,8 
(D+E+N+Q) 
Basic 12,4 11,2 13,5 
(K+R+H) 
Hydrophobic 25,1 26,7 20,2 
(L+V+I+M) 
Aromatic 4,6 5,4 8,3 
(F+ y + W) 
Charged 27,9 27,9 25,1 
(D+E+K+R+H) 
Aliphatic 16,6 10,, 16,9 
(A+G) 
Hydroxyl 10,1 13,2 13,1 
(S +T) 
a after Dayhoff et al. (1978). 
3.3.3 Identification of O RFl upstream of the T. f errooxidans ntrA gene 
Upstream of the T.ferrooxidans ntrA gene a second ORF (ORFl: nts 300- 1025, 
Fig. 3.1) was identified. The predicted aa sequence of the T.ferrooxidans ORFl 
product showed 57% aa identity to the predicted product of the R. meliloti ORFl 
(Fig. 3.6), which is located upstream of the R. meliloti ntrA gene (Albright 
et al., 1989b). This was considerably greater than the number of identical residues 
shared between the ntrA gene products of the two bacteria (40%) (Table 3.1). On the 
basis of the aa sequence similarity to the R. meliloti ORFl product and the occurrence 
of a strong ribosome binding sequence (GGGAGG) at position 292, the ATG codon at 
position 300 is the most likely start of the T.ferrooxidans ORFl (Fig. 3.2). The 
predicted product of the T. ferrooxidans ORFI was 29 aa shorter at its N-terminal end 
than the R. meliloti ORFI product. The translation products of all three reading 
frames upstream of nt 300 (Fig. 3.2) shared no homology with the N-terminus of the 
R. meliloti ORFI. The T.ferrooxidans ORFl terminated 12 bp from the proposed 
start codon of the T. ferrooxidans ntrA gene. 
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A sequence with potential to form a stem and loop RNA secondary structure was 
present within the coding region of the T.ferrooxidans ORFl (position 491, Fig. 3.2). 
This stem-loop structure (.1G= -18,6 kcal/mol; Salser, 1977) was preceded by seven 
U's at position 480 (Fig. 3.2). TESTCODE (Fig. 3.3) and CODONPREFERENCE 
(Fig. 3.7) analysis indicated that there may be a protein-coding ORF upstream of the 
T.ferrooxidans ORFl, however the predicted translation of this ORF showed no 
similarity to the product of the R. meliloti ORFO observed upstream of the R. meliloti 
ORFl (Albright et al., 1989b). No significant similarities where found between this 
ORF and any sequence in the available databases from homology searches using the 












* * * **** * ** **I * ** 
MQIPFLHKRKRGKKPSAAAAAARAVDKARYDGTLIARGLTKSYRSRRVVNGVSLVVRRGE 
VVGLLGPNGAGKTTTFYMMVGLVRPDRGHIFLQQRDITALPMHERARMGLGYLPQEPSVF 
. ************* *** *** * * * I I *I* ** *** *I****** *I* 
AVGLLGPNGAGKTTCFYMITGLVPVDEGSIEINGNDVTTMPMYRRARLGVGYLPQEASIF 
RQMSAADNVLAVLETLPLSPVERQERQEQLLSELHLHALRDTKGHSLSGGERRRVEIARA 
* I **I **** * I ** * * ** I I ********!***** 
RGLTVEDNIRAVLEVHDENVDRRESKLNDLLGEFSITHLRKSPAIALSGGERRRLEIARA 
LAMSPRFILLDEPFAGIDPISVLEIQRLIRDLRARGIGVLITDHNVRETLGICERAYILH 
** * * ********!***** I** *I** *****************! l****I* 
LATDPTFMLLDEPFAGVDPISVADIQALVRHLTSRGIGVLITDHNVRETLGLIDRAYIIH 
DGKVLTAGSPQEIVDDPMVRQVYLGDQFQI 
* *** * 11 ** * ** I**** I* I 
AGEVLTHGRANDIVTNPDVRRLYLGDNFSL 
Fig. 3.6. Amino acid alignment between the ORFl proteins from T. ferrooxidans and 
R. meli/oti. Alignment was made with the IBM XT Computer Genepro (Version 4.1) 
protein alignment subroutine. Identical aa are marked with asterisks and conservative 
substitutions are marked with vertical bars. These are based on the groups (I, L, V, 
M); (D, E); (K, R, H); (Q, N); (S, T); (G, A) and (F, Y). Regions with similarity to 
the nucleotide binding pocket are underlined. Tf, T. ferrooxidans ORFl; 












3.3.4 Identification of ORF3 downstream of the T. fe"ooridans ntrA gene 
A third ORF, called ORF3, was located downstream of the T. ferrooxidans ntrA gene 
(Fig. 3.lf The proposed ATG start codon of ORF3 was at position 2569 (Fig. 3.2) 
and was preceded by a consensus ribosome binding site (AGGAG) at position 2558 
(Fig. 3.2), and ORF3 extended beyond the Bgill cloning site at position 2804 
(Fig. 3.2). Alignment of the predicted 78 N-terminal aa with the partial sequences of 
ORF3 products from A. vinelandii (Merrick et al., 1987), P. putida (Inouye 
et al., 1989), K. pneumoniae (Merrick and Gibbons, 1985), and R. meliloti (Ronson 
et al., 1987b) showed 38, 38, 29, and 20% aa identity, respectively. 
3.3.5 Nucleotide composition of the T. fe"ooxidans ntrA gene and associated 
ORF's in relation to other T.ferrooxidans genes 
The nucleotide sequences of six T. ferrooxidans genes have been determined, namely 
those of glnA (Rawlings et al., 1987), nift{DK (Pretorius et al., 1987; Rawlings, 
1988), recA (Ramesar and Rawlings, 1989), and merA (Inoue et al., 1989). A codon 
usage table, based on the sum of five of the genes (denoted TABTJ5 for convenience) 
was drawn up using this data. The merA codon usage was not included since this was 
reported to be different from previously sequenced T. ferrooxidans chromosomal 
genes but similar to the Tn501 and RlOO merA genes (Inoue et al., 1989). The codon 
usage for the ntrA and ORFl genes are shown together with the data of TABTJS in 
Table 3.3. 
The codon usage of the ntrA gene and ORFl is very similar to that in TABTj5, with 
bias towards codons with a G or C in the "wobble" position. Exceptions from the 
trend found in · TABTj5 are: greater representation of the GCG (alanine), UUU 
(phenylalanine), and AGC (serine) codons in ntrA and ORFl; preference for the AAU 
(asparagine) codon in ntrA; equal representation of the AAA and AAG (lysine) 
codons in ntrA; preference for the GAU (aspartate) and CAU (histidine) codons in 
ORFl; and greater representation of the GGU (glycine) and AUU (isoleucine) codons 
in ORFI. 
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Table 3.3. Codon usage of T. ferrooxidans genesa 
C<Xlon ntrA ORFl TABT/5 glnA recA nifl/DK 
Ala GCA 5 2 22 4 5 13 
GCC 20 6 102 29 22 51 
GCG 22 7 49 9 8 32 
GCU 2 1 12 1 5 6 
Arg AGA 0 0 2 0 0 2 
AGG 0 0 4 2 0 2 
CGA 1 0 3 0 1 2 
CGC 17 11 49 10 10 29 
CGG 6 8 20 2 6 12 
CGU 10 6 19 4 3 12 
Asn AAC 5 3 47 10 6 31 
AAU 9 0 24 7 6 11 
Asp GAC 23 2 85 19 10 56 · 
GAU 17 11 42 6 10 26 
Cys UGC 2 1 19 4 1 14 
UGU 0 0 7 0 1 6 
Gln CAA 9 4 4 0 0 4 
CAG 22 11 56 8 14 34 
Glu GAA 19 9 80 18 16 46 
GAG 16 7 62 9 9 44 
Gly GGA 2 2 11 3 2 6 
GGC 14 6 126 16 18 92 
GGG 4 4 17 4 2 11 
GGU 8 7 41 11 14 16 
His CAC 6 1 39 7 5 27 
CAU 5 6 23 7 3 13 
Ile AUA 1 2 4 0 2 2 
AUC 14 6 105 16 19 70 
AUU 8 6 20 4 6 10 
Leu CUA 0 0 3 1 0 2 
CUC 11 5 34 8 8 18 
CUG 29 18 91 18 20 53 
cuu 3 3 11 4 3 4 
UUA 2 2 2 1 1 0 
UUG 10 3 15 2 1 12 
Lys AAA 8 2 35 4 8 23 
AAG 8 2 96 20 12 64 
Met AUG 16 8 68 16 8 44 
Phe uuc 4 3 67 14 3 50 
uuu 6 4 21 3 6 12 
Pro CCA 1 1 8 1 2 5 
CCC 10 6 48 13 4 31 
CCG 10 2 30 8 4 18 
CCU 1 3 10 4 2 4 
Ser AGC ' 13 5 26 5 5 16 
AGU 1 2 19 4 5 10 
UCA 0 0 6 1 1 4 
ucc 6 3 44 11 10 23 
UCG 4 3 25 5 4 16 
ucu 3 0 11 5 1 5 
Tor ACA 2 0 4 1 0 3 
ACC 10 5 64 10 11 43 
ACG 7 3 23 6 1 16 
ACU 2 2 7 1 1 5 
Trp ·uGG 4 0 22 5 1 16 
Tyr UAC 6 3 46 11 8 27 
UAU 4 2 31 6 3 22 
Val GUA 1 1 10 4 2 4 
GUC 5 5 45 10 10 25 
GUG 18 12 72 16 13 43 
GUU 3 4 9 1 1 7 
End TGA 1 1 2 1 1 0 
TAG 0 0 0 0 0 0 
TAA 0 0 3 0 0 3 
a Numerals refer to the number of times a codon occurs in each gene dataset. 
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The UWGCG CODONPREFERENCE application is designed to use a codon usage 
data file to analyze the protein translations in all six reading frames of a DNA 
sequence to identify ORF's that have a similar codon usage to that provided in a 
datafile. Fig. 3.7 shows analysis of the T.ferrooxidans DNA insert in pT30 using the 
UWGCG CODONPREFERENCE application with TABT/5 as the codon usage 
datafile. The ntrA gene and ORFl in frame 3 and ORF3 in frame 1 show a codon 
preference and an absence of rare codons which correlates to TABT/5. The 
GC composition of the T.ferrooxidans ntrA gene and ORFl were 59,5 and 58,8%, 
respectively, which matches the GC composition calculated for T.ferrooxidans 
chromosomal DNA (60%) (Harrison, 1984). 
soo 1.000 I.SOD 2.000 2.SOD FRAM!: 
2 
3 
SOD !, DOD l ,SOD 2,00D Z.SOD 
ORF1 NTRA ORF3 
Fig. 3.7. CODONPREFERENCE analysis of the 2,8-kbp DNA insert in pT30. The 
horizontal axis represents the 2,8-kbp T.ferrooxidans DNA insert in pT30, with the 
predicted protein-coding ORFs (ORFl, NTRA, ORF3) shown as open boxes below. 
The vertical axis shows the CODONPREFERENCE plots for each of the 3 forward 
frames, with ORFs and the positions of rare codons (defined as those codons which 
appear in the TAB Tj5 codon usage datafile at a frequency of less than 10%) drawn 
below as open boxes and vertical bars, respectively. Any plot above the dotted line in 
any of the 3 reading frames identifies a protein-coding sequence with a similar codon 
usage as the TAB Tj5 datafile. 
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3.4 Discussion 
The predicted protein product of the T.ferrooxidans ntrA gene was an acidic 
polypeptide of 475 aa with a calculated Mr of 52927. The term cr54 reflects the Mr of 
the product of the ntrA gene of enteric bacteria, however the Mr of ntrA gene products 
vary considerably. From previously published nucleotide sequences the Mr of other 
ntrA gene products have been calculated as 53926, 56215, 56916, 57814, and 46328 
for K. pneumoniae (Merrick and Gibbons, 1985), P. putida (Inouye et al., 1989), 
A. vinelandii (Merrick et al., 1987), R. meliloti (Ronson et al., 1987b), and 
R. capsulatus (Jones and Haselkom, 1989), respectively. 
The % identity between NtrA proteins can be seen in Table 3.1, however a more 
illustrative representation of the possible evolutionary relationships between NtrA 
proteins is shown in the dendrogram produced using the UWGCG program 
DISTANCES and the subroutine KITSCH of the program PHYLIP (J. Felsenstein, 
University of Washington, 1988) (Fig. 3.8). DISTANCES was used to write a matrix 
of the pairwise genetic distances within the group of aligned NtrA aa sequences. This 
matrix of distances was analyzed using KITSCH, which employs the 
Fitch-Margoliash and Least Squares method (Fitch and Margoliash, 1967), with the 
assumption that there is an evolutionary molecular clock, to produce the dendrogram 
shown in Fig. 3.8. 
This shows that on the basis of aa sequence conservation it is possible to divide these 
NtrA proteins into three groups. The TfNtrA is most similar to the KpNtrA which 
forms a group together with the AvNtrA and PpNtrA which are very closely related. 
The similarities at the level of aa sequence between the T.ferrooxidans NtrA and this 
group of NtrA proteins is interesting as the autotrophic T. ferrooxidans inhabits a very 
different environment from these heterotrophic bacterial species. The RmNtrA and 
RcNtrA share relatively little sequence similarity with each other or the former group 
of NtrA proteins and appear to belong to two separate groups. 
-
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Fig. 3.8. Dendrogram of NtrA proteins based on amino acid sequence conservation. 
TF, T.ferrooxidans NtrA; KP, K. pneumoniae NtrA; PP, P. putida NtrA; 
AV, A. vinelandii NtrA; RM, R. meliloti NtrA; RC, R. capsulatus NtrA. 
The codon usage of the T.ferrooxidans ntrA gene and ORFl appear to be similar to 
that of the five T.ferrooxidans genes sequenced to date (TABT.f5) as shown in 
Table 3.3, however analysis of the codon usage data using the UWGCG 
CORRESPOND program is interesting. The program CORRESPOND is designed to 
identify similar patterns of codon usage by comparing codon frequency tables. The 
frequency which is compared is calculated by dividing the number of incidents of the 
codon in question by the total number of codons specifying that aa or terminator in 
each table. The lower the statistic (D), the more similar the patterns of codon usage. 
The codon frequency tables for the T.ferrooxidans ntrA and ORFl were compared to 
the composite (TABT.f5) and individual codon frequency tables of the T.ferrooxidans 
glnA, recA, and nift[DK genes, as well as the codon frequency tables for highly 
expressed (UWGCG datafile "ecohigh.cod") and weakly expressed (UWGCG datafile 
"ecolow.cod" - Grantham et al., 1981) E. coli genes. 
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The results calculated using the CORRESPOND program (Table 3.4) show that the 
codon usage of the T.ferrooxidans ntrA and ORFl genes is more similar to the codon 
usage of the T. ferrooxidans g lnA and recA genes and that of weakly expressed E. coli 
genes, than the codon usage of the T.ferrooxidans nift{DK and highly expressed 
E.coli genes. This is consistent with the hypothesis that, due to the regulatory nature 
of the product, ntrA genes are weakly expressed. In support of this view is the 
observation by Merrick et al. (1987) that the A. vinelandii ntrA gene utilises a number 
of modulator codons (Grosjean and Fiers, 1982) in contrast to the highly expressed 
A. vinelandii nift{DK genes (Brigle et al., 1985). 
Table 3.4. Comparison of the codon usage of the T.ferrooxidans ntrA and 
ORFl with that of T. ferrooxidans and E. coli genes using the UWGCG 


















a TfntrA, TJORF 1, TfrecA, TfglnA, Tfnift{DK, Eclow, and Echigh represent 
codon usage frequency tables of the T.ferrooxidans ntrA, ORFl, recA, 
glnA, nift{DK, E. coli weakly expressed, and E. coli highly expressed 
genes, respectively. TABT.f5 is a composite codon usage frequency table 
of the T.ferrooxidans recA, glnA, and nift{DK genes. 
Sigma factors carry out three major biochemical activities which include (i) binding to 
core RNA polymerase, (ii) promoter recognition, and (iii) facilitating the catalysis of 
closed to open promoter complexes which involves DNA melting (Helmann and 
Chamberlin, 1988). Purified NtrA protein from E. coli, S. typhimurium, and 
K. pneumoniae has been shown in vitro to direct transcription from NtrA-dependent 
promoters, thus confirming the classification of the NtrA protein as a sigma factor 
(Hunt and Magasanik, 1985; Hirschman et al., 1985, Wong et al., 1987). 
Analysis of aa sequences of bacterial sigma factors has shown that many of these 
belong to a homologous protein superfamily (Stragier et al., 1985; Gribskov and 
Burgess, 1986). This includes the primary cr factors in E. coli (Gram-negative) and 
B. subtilis (Gram-positive) which are denoted cr70 and cr43, respectively; as well as 
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several of the alternative CJ factors in both species, such as the E. coli cr32 (HtpR), 
which is involved in the heat-shock response and many of the B. subtilis sigma factors 
involved in sporulation, such as cr30 (sigH), 029 (sigE), and crSPOIIAC (which has 
not yet been shown to function as a sigma factor but shows suggestive similarities to 
other sequenced sigma factors) and the B. subtilis cr37 (SigB), the function of which is 
unknown (reviewed in Heimann and Chamberlin, 1988). 
Merrick and Gibbons (1985) and Merrick et al. (1987) reported that there was no 
statistically significant similarity in pairwise alignments between the KpNtrA and 
other bacterial sigma factors, and that observation of the aa sequence of the AvNtrA 
confirmed their idea that NtrA sigma factors did not warrant classification in this 
family of bacterial sigma factors. 
Heimann and Chamberlin (1988) have pointed out that although many of the phage 
sigma factors do not show statistically significant sequence similarity in pairwise 
alignments with members of the family of bacterial sigma factors they do show some 
similarity when viewed in multiple sequence alignments. There are several 
drawbacks with a computer-based statistical pairwise alignment, namely: 
i) The definition of conservative substitutions may result in a biased weighting 
scheme. Groupings are aimed to reflect either common functional moieties, 
hydrophobicity, or size. The scheme adopted in Appendix E is based mainly 
upon common functional moieties, however in another scheme one could group 
Ser, Ala, and Cys together on the basis of size. 
ii) Similarities between proteins may reflect repeat units common to protein 
secondary structural elements, such as the 3,6 aa repeat of the- alpha helix. 
Residues conserved along one face of the helix will occur every third or fourth 
residue in the primary sequence. 
iii) Distantly related proteins which contain short regions of similarity may be 
overlooked by a dilution effect of the larger regions of dissimilar sequences. 
iv) Only two proteins may be compared at one time and therefore similarities 
amongst a family of related proteins may not be immediately evident. 
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The use of multiple sequence alignments rather than pairwise alignments enabled 
Heimann and Chamberlin (1988) to define regions that were similar amongst distantly 
related bacterial and phage sigma factors and thereby propose those conserved regions 
that may represent functional domains. As NtrA sigma factors showed little sequence 
similarity to the other bacterial sigma factors, Heimann and Chamberlin (1988) did 
not include NtrA sigma factors in their study. Nevertheless, it was thought in this 
study that it may be possible to identify conserved regions with functional 
significance by analysis of multiple alignments between the six NtrA sigma factors 
and the conserved regions of bacterial sigma factors. 
The results of this approach are presented below. It was found that there were 
conserved regions within the NtrA sigma factors which showed similarity to 
functional domains within the bacterial sigma factors and therefore the NtrA family 
may represent an evolutionary related, though greatly diverged group of proteins from 
the other bacterial sigma factors. These and other conserved regions will be discussed 
within the context of identifying possible functional domains within NtrA sigma 
factors. 
Heimann and Chamberlin (1988) observed four conserved regions amongst bacterial 
sigma factors and the functional attribute of each region was proposed based on 
biochemical and genetic evidence. This is summarized in the schematic diagram of 
the E. coli a70 factor, a representative of this superfamily (Fig. 3.9a). 
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Fig. 3.9a .. b. Possible functional regions within sigma factors. a) Schematic diagram 
of the E. coli cr70 factor showing regions conserved amongst members of the 
superfamily of bacterial sigma factors (Heimann and Chamberlin, 1988). The extent 
and putative functions of these regions are indicated by arrowed lines and notes on the 
right hand side, respectively. Boxes are shaded differently to represent different 
putative functional regions. Numbers on the left hand side refer to the aa positions in 
the primary sequence of the E.coli cr70 factor, starting with 1 at the N-terminus. 
b) Schematic dfagram of the T.ferrooxidans NtrA showing regions conserved 
amongst NtrA sigma factors. Conserved regions are represented as boxes with their 
extent, and features and possible functions indicated by arrowed lines, and notes on 
the right hand side, respectively. Boxes are shaded to show regions which displayed 
similarity with conserved regions in the superfamily of bacterial sigma factors as 
drawn in Fig. 3.9a. Numerals on the left hand side refer to aa positions in the primary 
sequence of the T.ferrooxidans NtrA, starting with 1 at the N-terminus. 
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No similarity was found between the NtrA sigma factors and sequences corresponding 
to Regions 1, 2.1, 2.3, or 3 which are conserved within the superfamily of bacterial 
sigma factors (Fig. 3.9a), however some similarity was found between the NtrA sigma 
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L D L I Q E G N I G L M KA V D K F E y 
L D L I H E G N MG L M KA V E K F D y 
A D L I Q E G N I G L M KA V R R F N p 
D D L F Q I G C I G L L K S V DK F D I 
E D L I S I G T I G L I KA V NT F N p 
E D L R QV G M I G L L GA I KR y D p 
< ><- - - - -> 
Fig. 3.lOa-b. Alignment of a 20 amino acid sequence from NtrA sigma factors with 
conserved regions 2.2 and 2.3 identified in the superfamily of bacterial sigma factors 
(Gribskov and Burgess, 1986; Heimann and Chamberlin, 1988). a) Alignment of this 
region in NtrA sigma factors. Underlined and bold face letters identify those amino 
acids (aa) or conservative substitutions which are found at the corresponding position · 
in at least three out of the six bacterial sigma factors in Fig. 3.10b. Residues 
conserved in all six NtrA sigma factors are blocked. b) Alignment of region 2.2 
(filled arrow) and part of region 2.3 (dashed arrow) of six bacterial sigma factors 
according to Heimann and Chamberlin (1988). Residues that are conserved in all six 
sigma factors are blocked. The underlined residue is the site of a BsSpoIIAC 
mutation as discussed in section 3.4. Figures in parenthesis refer to the position in the 
protein of the first aa in each sequence. 
Region 2.2 (Fig. 3.9a) contains a highly conserved group of aa amongst bacterial 
sigma factors and it is therefore thought that this forms part of the domain which 
binds the RNA 13olymerase (Heimann and Chamberlin, 1988). Evidence for the role 
of this region in core-binding is the mapping of a mutation within this region of the 
crSPOIIAC factor (Yudkin, 1987a). Overexpression of crSPOIIAC in E.coli is toxic 
which is attributed to the binding of crSPOIIAC to E.coli RNA polymerase. Mutation 
of Ser73 within crSPOIIAC (see Fig. 3.10b) to Phe is thought to result in a mutant 
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protein which is unable to bind to core polymerase therefore abolishing its toxicity 
when overexpressed in E. coli. Merrick et al. (1987) identified similarity between 
region 2.2 and the KpNtrA, AvNtrA, and RmNtrA if conservative substitutions are 
taken into account, and as can be seen in Fig. 3.lOa,b this similarity includes the other 
NtrA proteins. 
Region 2.3 (Fig. 3.9a) in the superfamily of bacterial sigma factors is adjacent to 
region 2.2, and as can be seen in Fig. 3.lOa,b the similarity between the NtrA sigma 
factors and the bacterial sigma factors extends into part of region 2.3. There are two 
conserved Phe residues in region 2.3. The first of these is shown in Fig. 3.10b and 
this is also conserved in all 6 NtrA sigma factors (Fig. 3.10a). Region 2.3 is proposed 
to be involved in binding of the non-transcribed single stranded DNA (ssDNA) during 
open complex formation on the basis of sequence homologies with the aromatic rich 
domains of ssDNA binding proteins (Helmann and Chamberlin, 1988). The absence 
of a second conserved aromatic residue spaced 11 aa from the first in the NtrA sigma 
factors indicates that this region may not be responsible for ssDNA binding. A 
conserved region which may fulfil the criteria for a ssDNA binding domain i~ NtrA 
sigma factors is shown in Fig. 3.11. Protein structures that appear to be involved in 
interactions with ssDNA (Chase and Williams, 1986, McPherson et al., 1979) are 
characterized by aromatic residues which are spaced by 5-13 aa and are flanked by 
basic residues. Stacking interactions between the nucleotide bases and the aromatic 
aa side chains appear to be important in the binding interaction, while the basic aa are 
thought to be involved in charge neutralization (Khamis et al. , 1987). 
- -
TfNtrA (387) K y M I T PR G L y E F K y F F s 
KpNtrA (388) K y L HS P R G I F E L K y F F s 
PpNtrA (408) K y M HT P R G I y E L K y F F s 
AvNtrA (413) K y MHT P R G I y E L K y F F s 
RmNtrA (415) K y ML T PR G L F E L K y F F T 
- -
RcNtrA (334) RM I Q T Q TRAL p LR AF F s 
Fig. 3.11. Alignment of a 17 amino acid region conserved within NtrA proteins 
which may be involved in binding to single stranded DNA. Conserved aromatic 
residues are blocked. Underlined and bold face letters identify basic residues. 
Figures in parenthesis refer to the position in the protein of the first aa in each 
sequence. 
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Region 2.4 (Fig. 3.9a) contains three conserved hydrophobic residues located at every 
fourth aa followed by basic residues and is predicted to be alpha-helical (Chou and 
Fasman, 1978). The hydrophobic residues may be involved in the packing of the 
alpha-helix against the remainder of the protein, while mutational evidence suggests 
that the exposed face of the putative alpha-helix may be involved in recognition of the 
-10 region of promoters. Precedents for alpha helical structures which are not 
canonical helix-tum-helix motifs but are able to bind in a sequence specific manner to 
DNA may be found in the EcoRI endonuclease (McClarin et al., 1986) and the yeast 
GCN4 protein (Hope and Strohl, 1986). Siegele et al. (1989) have shown that a 
mutation in this region of the E. coli cr70(rpoD) (Tor to Ile change at position 440 -
see Fig. 3.12) stimulates transcription from P22 ant and E. coli lac promoters with 
mutations in the first T of the -10 hexamer (TA T AA T). Similarly, a mutation in this 
region of the B. subtilis cr30(sigH)(Thr to Ile change at position 100 - see Fig. 3.12) 
suppresses a -13 promoter mutation in the spoVG gene (Zuber et al., 1989). A 13 aa 
sequence from NtrA sigma factors (Fig. 3.12) contains three conserved hydrophobic 
residues spaced every fourth aa as found in region 2.4 (Fig. 3.9a), which may indicate 
that this conserved region may form a similar alpha-helical secondary structure. 
TfNtrA (194) L S E C L L L Q L KQMV 
KpNtrA (195) L RD C L L V Q L S Q F A 
AvNtrA (210) L S E s L LL Q L R Q L P 
PpNtrA (214) L G E C L LL Q L R Q L P 
RmNtrA (224) L G E C L A I Q L RARN 
RcNtrA (151) L s D C L I L Q A RE AD 
EcRpoD (435) I RQA I t R S I ADQA 
BsRpoD (194) I RQA I TRA I ADQA 
EcHtpR (109) I KA E I H E Y V LR NW 
BsSpoIIG (118) I E N E I LMY L RRNN 
BsSigB (90) I I G E I KR F L RD KT 
BsSigH (94) I TR Q I I t A I KTAT 
Fig. 3.12. Alignment of a 13 amino acid sequence from NtrA sigma factors with a 
region thought to be involved in promoter recognition in bacterial sigma factors 
(Region 2.4 - Heimann and Chamberlin, 1988). Conserved hydrophobic residues are 
boxed (Ala159 in the RcNtrA is grouped as a hydrophobic residue). Underlined and 
bold face letters identify basic residues. Lower case italicised letters identify sites of 
bacterial sigma factor mutations as discussed in the text. Figures in parenthesis refer 
to the position in the protein of the first aa in each sequence. 
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Region 4 (Fig. 3.9a) situated towards the C-terminal end of prokaryotic sigma factors 
contains a canonical helix-tum-helix (HTH) DNA binding motif. The strongest 
evidence implicating this region in promoter recognition comes from mutational 
studies. Two mutations in this region of the E. coli eflO have been reported that 
specifically suppress -35 region mutations in the P22 ant and · E. coli lac promoters 
(Siegele et al., 1989; Gardella et al., 1989). There is a C-terminal HTH motif which 
is highly conserved in all NtrA sigma factors (Fig. 3.5). 
Dodd and Egan (1987) developed a quantitative method for assessing whether a given 
primary aa sequence contained a canonical HTH unit. The HTH motifs observed by 
crystallography of the prokaryotic repressor proteins formed the basis for a dataset 
which was used to generate an aa probability matrix. This matrix was used to 
calculate a table of "points" for every possible aa at each position in the HTH unit 
depending upon the occurrence of each aa at each position in the HTH units of the 
dataset proteins. A score can therefore be calculated for any test sequence by taking 
the sum of the "points" obtained for each of the 20 aa within the putative HTH motif. 
A score of > 1400. is adjudged to indicate a classical HTH motif, although obviously 
this method is biased towards HTH motifs similar to those found within the dataset of 
Dodd and Egan. 
Computation of the scores for the putative HTH motifs in NtrA sigma factors by this 
method gave scores of 1444, 1352, 1635, 1635, 1157, and 1507 for the putative HTH 
units of the TfNtrA, KpNtrA, AvNtrA, PpNtrA, RmNtrA, and RcNtrA, respectively. 
Adjustment of these scores by the method of Yudkin (1987b)- which omits the highly 
variable residue 7, and residues 12 and 13, which are thought to contact the DNA and 
therefore vary depending on the recognition sequence - resulted in further 
improvement of the scores (relative to the new dataset eliminated for residues 7, 12, 
13) which indicates that these sequences in NtrA sigma factors are very likely to form 
classical HTH motifs. It is interesting to note that the second helix of a HTH motif is 
considered to be the primary determinant of sequence specificity (Pabo and Sauer, 
1984) and this part of the proposed HTH unit of NtrA proteins (positions 10 - 20; 
Fig. 3.5) is entirely conserved except for three residues in the RcNtrA and position 20 
of the TfNtrA. 
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A group of conserved basic residues near the C-terminus in subregion 4.2 (Fig. 3.9a) 
of members of the bacterial sigma factor superfamily is thought to be appropriately 
positioned to form ionic interactions with backbone phosphate residues, especially if 
the preceding HTH region contacts the -35 region. The basic residue rich sequence 
-ARRTV AKYR- is conserved in all six NtrA sigma factors close to the C-terminus 
and this may play a similar role in stabilization of the HTH-DNA interaction in NtrA 
sigma factors. 
NtrA-dependent promoters are characterized by conserved GG and GC doublets at 
positions -24 and -12 to the transcription start site, respectively (reviewed in Kustu 
et al., 1989). By analogy with the superfamily of bacterial sigma factors the NtrA 
HTH motif could interact with the -24 promoter region while another domain could 
interact with the -12 promoter region, however it is premature to speculate on this 
further. 
The first 48 aa of the NtrA sigma factors are highly conserved (Fig. 3.4) and contain a 
high proportion of glutamine (15 - 25%) and leucine (17 - 29%) residues. This has 
potential to represent an N-terminal domain which terminates in a conserved proline 
turn motif. There is some resemblance to the glutamine-rich region required for 
activation of transcription by mammalian transcription factor Spl (Courey and Tijan, 
1988). This region of the S. typhimurium NtrA has been shown by deletion analysis 
to be specifically required for NRrdependent isomerization of closed to open 
complexes at the glnA promoter (Kustu et al., 1989). 
Merrick et al. (1987) recognized a region conserved amongst NtrA sigma factors 
which showed similarity to a sequence near the N-terminus of the W subunit of E.coli 
RNA polymerase (RpoC). Alignment of this region is showed in Fig. 3.13. The 
reason for this duplication of structure is not obvious, but Merrick et al. (1987) 
speculated that the binding of NtrA to core RNA polymerase alters the structure of the 
enzyme so that this region of NtrA assumes a role otherwise played by the 
homologous region of RpoC. 
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TfNtrA (327) W F .! K S L Q s R Q D T .! L K 
KpNtrA (328) W L .! K S L E S R N D T LL R 
AvNtrA (353) W F .! K S L Q s R N E T LM K 
PpNtrA (348) W F .! K S L Q s R N E T LM K 
RmNtrA (355) W LT RS L D Q R AR T .! M K 
RcNtrA (274) - AGE A L E R R GD T LL R 
EcRpoC (115) W FL K s L p s R I G L LL D 
TfNtrA -v AR A I V ER Q K D F F AN 
KpNtrA -v SR C I V E Q Q QA F F E Q 
AvNtrA -v S T Q I V E. H QR G F L Dy 
PpNtrA -V A T Q I V EH QR G F L DH 
RmNtrA -V A S E I V R Q Q DA F L I H 
RcNtrA -TA AV L V ARQSA F L DK 
EcRpoC -MP LR D I ERV LY F E s y 
Fig. 3.13. Alignment of a 30 amino acid sequence from NtrA sigma factors with '! 
sequence near the N-terminus of the P' subunit of E.coli RNA polymerase (RpoC). 
Amino acids conserved between all six NtrA sigma factors and RpoC are blocked. 
Underlined and bold face letters identify aa conserved in at least three NtrA sigma 
factors and RpoC. Figures in parenthesis refer to the position in the protein of the first 
aa in each sequence. 
Fig. 3.9b summarizes the available data on the possible functional regions within 
NtrA sigma factors. These regions are shown diagrammatically using the TfNtrA as a 
representative of the NtrA sigma factors. The regions are drawn as shaded blocks in 
Fig. 3.9b to enable correlation with those regions conserved in the super family of 
bacterial sigma factors shown in Fig. 3.9a. The data in Fig. 3.9b is speculative and is 
based on primary sequence scanning with conserved regions of the six NtrA_ sigma 
factors, and therefore should be regarded as a basic guideline for the design of 
mutational and biochemical studies to elucidate structural/functional relationships 
within NtrA sigma factors. A unique functional feature of NtrA sigma factors, which 
is not found in other bacterial sigma factors, is the absolute requirement for an 
activator protein to facilitate the isomerization of closed to open promoter complexes. 
Immediately upstream of the T.ferrooxidans ntrA gene an ORF equivalent to the 
ORFl located upstream of the R. meliloti ntrA gene was detected. The linkage of 
ORFl to ntrA has been reported also to occur in K. pneumoniae (Merrick et al., 1987; 
Albright et al., 1989b), S. typhimurium (Albright et al., 1989b), and P. putida (Inouye 
et al., 1989) and therefore appears to be a feature of bacteria of very different 
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physiological types. The biological function of ORFl and the reason for its linkage to 
the ntrA gene is uncertain. Transcription of ORFl and ntrA were reported to be 
uncoupled in R. meliloti (Albright et al., 1989b). The observation that subclones of 
the T.ferrooxidans ntrA gene from which most of ORFl had been deleted (pT40 and 
pT41 - see Ch. 4, Table 4.1) were able to complement the E. coli ntrA mutant is 
evidence that transcription of the T.ferrooxidans ntrA gene in E.coli is independent 
of transcription through ORFl. In vitro studies on NtrA-dependent promoters have 
indicated that NRractivated transcription from the S. typhimurium glnA (Hirschman 
et al., 1985), E. coli glnA (Hunt and Magasanik, 1985), K. pneumoniae nifLA , or the 
K. pneumoniae nijHDK (Wong et al., 1987) promoters requires only the NtrA-RNA 
polymerase holoenzyme. Involvement of the ORFl product in the function of NtrA is 
therefore unlikely. Albright et al. (1989b) tried unsuccessfully to insertionally 
inactivate ORFl using transposon mutagenesis, and suggested that it may code for an 
essential housekeeping protein. 
The predicted aa sequence of the T. ferrooxidans ORFl was aligned with the 
R. meliloti protein, the only other ORFl for which a complete sequence has been 
published (Fig. 3.6). The two sequences have a high level of similarity over their 
entire length although the N-terminal end of the predicted T.ferrooxidans protein was 
29 aa shorter. The aa sequence of the R. meliloti ORFl has been compared with a 
family of ATP-binding proteins (Higgins et al., 1986) and two regions that had 
homology to an ATP-binding pocket were identified (Albright et al., 1989b). These 
are also conserved in the predicted T.ferrooxidans ORFl protein (Fig. 3.6). The 
spacing between the T.ferrooxidans ORFl and the ntrA gene was different from that 
of R. meliloti and P. putida. The R. meliloti and P. putida ORFl 's terminated 
approximately 176 hp upstream of the respective ntrA genes whereas the 
T.ferrooxidans ORFl terminated only 12 hp from the start codon of the ntrA gene. 
Since expression of the T. ferrooxidans ntrA gene was independent of orientation and 
most of ORFl (see section 4.3.2; Ch. 4), the ntrA promoter recognized in E.coli must 
be located within the carboxy-terminal coding region of ORFl. The existence of a 
putative region of RNA stem and loop secondary structure (~G = -18,6 Kcal/mol; 
Salser, 1977) preceded by seven U's within the coding region of the T.ferrooxidans 
ORFl (Fig. 3.2) is interesting as a similar region of potential secondary structure 
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(~G = -17 .1 Kcal/mol; Salser, 1977) preceded by an AIU rich region is also present in 
the R. meliloti ORFl nucleotide sequence (position 635 - Fig. 1 in Albright 
et al., 1989b). These regions of potential secondary structure are situated within an 
area of low aa conservation on the C-terminal side of the first component of the 
ATP-binding pocket of the two predicted ORFl products. A similar region of 
secondary structure has been shown to reduce translation efficiency in another 
bacterial system (Kubo and Imanaka, 1989). 
The N-terminal 78 aa encoded by ORF3 situated downstream of the T.ferrooxidans 
ntrA gene showed aa similarity to equivalent ORFs downstream of the ntrA genes in 
K. pneumoniae (Merrick et al., 1987), A. vinelandii (Merrick et al., 1987), R. meliloti 
(Ronson et al., 1987b), and P. putida (Inouye et al., 1989). The extent of the 
T.ferrooxidans DNA insert in pT30 prevented determination of the complete 
sequence of ORF3. The complete sequences of this ORF from K. pneumoniae, 
A. vinelandii (Merrick and Coppard, 1989) and P. putida (Inouye et al., 1989) have 
been determined, and are predicted to encode polypeptides of 95, 107, and 102 aa, 
respectively. Merrick and Coppard (1989) analyzed in K. pneumoniae the nucleotide 
sequence downstream of this ORF, which they called ORF95, and discovered two 
more possible ORFs, called ORF162 and ORF193. The only other sequence data 
available which stretches this far downstream of an ntrA gene is from P. putida 
(Inouye et al., 1989). Merrick and Coppard (1989) observed an ORF encoding a 
homologue to the K. pneumoniae ORF162 product downstream of the P. putida 
ORF95. The only significant sequence similarity obtained with searches of the 
predicted products of ORF95, ORF162, and ORF193 against the available databases 
was between the ORF95 product and the product of URFl, an ORF adjacent to the 
pheA gene of E.coli (Hudson and Davidson, 1984), the function of which is 
unknown. Merrick and Coppard (1989) demonstrated that in an in vitro transcription 
and translation system the K. pneumoniae ORF95 and ORF162 genes produced 
polypeptides of 12 and 16 kDal, respectively. K. pneumoniae chromosomal mutations 
which were constructed in the ORF95 and ORF162 genes resulted in an increase in 
the level of expression from NtrA-dependent promoters. These results indicated that 
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CHAPTER4 
BIOLOGICAL ACTIVITY OF THE T. FERROOXIDANS NTRA GENE 
PRODUCT CLONED IN E. COLI 
4.0 Summary 
The E.coli ntrA mutant THI containing the T.ferrooxidans ntrA gene, cl(?ned on a 
I,69-kbp T.ferrooxidans DNA fragment, produced gas and reduced benzylviologen, 
an artificial electron acceptor, when grown anaerobically on formate. These 
phenotypes, which are characteristic of the E. coli formate hydrogenlyase pathway, 
were repressed when formate was replaced by nitrate in the growth media. This 
pattern of regulation matched that exhibited by the E.coli ntrA+ strain YMCIO and 
the E.coli THI strain containing the cloned K. pneumoniae ntrA gene. Biological 
activity of the cloned T. ferrooxidans ntrA gene product was demonstrated using 
translational fusions between the NtrA-dependent promoters and N-terminal regions 
of either the f dhF gene or either of two nifH genes and the lacZ gene. The 
T.ferrooxidans NtrA in the E.coli THI cells increased expression of a fdhF-lacZ 
fusion 7-fold above the basal levels of expression observed in the absence of a ntrA 
gene. This expression was repressed by replacement of the formate in the growth . 
medium with nitrate. The T. ferrooxidans NtrA in the E. coli THI cells, containing a 
constitutively expressed K. pneumoniae nif A gene, resulted in an approximately 
50-fold increase in ~-galactosidase activity from either a T.ferrooxidans nifH-lacZ 
fusion or a K. pneumoniae nifH-lacZ fusion above levels obtained in the absence of a 
ntrA gerie. E.coli THI cells containing the cloned K. pneumoniae ntrA gene or 
E.coli YMCIO ntrA+ cells produced a similar increase in activity from the 
T. f errooxidans nifH-lacZ fusion in the presence of the K. pneumoniae nif A gene, but 
a 400-fold increase from the K. pneumoniae nifH-lacZ fusion. Under these 
conditions, the T.ferrooxidans NtrA was therefore as efficient as the K. pneumoniae 
NtrA and E. coli NtrA at promoting transcription from the T. ferrooxidans nifH-lacZ 




The use of translational fusions between the regulatory and N-terminal regions of a 
gene of interest and a reporter gene is a useful stratagem in the study of the regulation 
of gene expression. This is particularly effective when the activity of the product of 
the gene of interest is difficult to measure. A favourite reporter gene amongst 
molecular biologists is the E. coli lacZ gene, which codes for the ~-galactosidase 
enzyme (reviewed in Silhavy and Beckwith, 1985). The activity of this enzyme may 
be determined by a simple colourimetric reaction (Miller, 1972). 
Several workers have used translational fusions between NtrA-dependent genes and 
the lacZ gene to study or confirm the activity of a cloned ntrA gene product. The 
cloned K. pneumoniae ntrA gene product was able to direct expression in a 
K. pneumoniae ntrA mutant of either a K. pneumoniae or a R. meliloti nifH gene 
(de Bruijn and Ausubel, 1983) or the K. pneumoniae nifi., (Merrick and Stewart, 1985) 
gene by the increase in expression of these nif genes fused to lacZ. Ishimoto and Lory 
(1989) showed that the P. aeruginosa ntrA gene product was able to increase 
transcription in E. coli of the R. leguminosarum dctA gene, which has a 
NtrA-dependent promoter, fused to lacZ. 
Merrick and Stewart (1985) observed a 2,5- to 3,5-fold increase in expression of a 
ntrA-lacZ fusion in E. coli in the presence of multiple copies of the K. pneu_moniae 
ntrA gene. The reason for this possible auto-activation by the NtrA is not clear 
although it may not reflect the situation in vivo where the ntrA gene is present at one 
copy per chromosome. The expression of ntrA genes is thought to be at a low 
constitutive level irrespective of levels of available nitrogen and therefore any 
transcriptional regulation of ntrA is thought not to be a major factor in expression of 
NtrA-dependent genes (Merrick and Stewart, 1985; de Bruijn and Ausubel, 1983; 
Castano and Bastarrachea, 1984). It would be appropriate to note the limitations of 
regulatory studies using cloned genes on multi-copy plasmids as these are artificial 
conditions which may not reflect the effect of single-copy chromosomal genes. An 
example of this is the phenomenon of "multi-copy inhibition" which occurred on 
studies of nif genes m K. pneumoniae. It was found that the K. pneumoniae 
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(Riedel et al., 1983) or A. chroococcum (Jones et al., 1984) nijH promoters, cloned on 
a high copy-number plasmid, inhibited the expression of the single nifHDK operon 
situated on the K. pneumoniae chromosome. This was thought to be the result of 
titration of the limited amounts of the activator protein, NifA, by the multiple copies 
of nijH regulatory regions. 
Genes which require the NtrA sigma factor for expression have been found to contain 
at least two types of conserved cis-acting DNA elements in the region upstream of the 
gene. These elements are the NtrA-dependent promoter itself which is conserved 
amongst all genes which require the NtrA sigma factor for expression, and a so-called 
upstream activator sequence which appears to differ between regulons and be 
recognized by a regulon-specific activator protein, the activity of which is mediated 
by a cascade of regulators in response to environmental changes (reviewed in Kustu 
et al., 1989). 
The regulatory region upstream of the T.ferrooxidans nifH gene showed both DNA 
elements required for NtrA-dependent expression. The putative T.ferrooxidans nijH 
NtrA-dependent promoter shows high similarity to the K. pneumoniae nijH promoter 
and other NtrA-dependent promoters (Ch. 5; Fig. 5.1). The T.ferrooxidans nijH 
regulatory region contains two consensus NifA binding sites 
(sequence -TGT-N10-AGA-) in a region 119 to 73 nucleotides upstream from the 
NtrA-dependent promoter (Pretorius et al., 1987). The presence of two of these 
binding sites spaced 30 bp apart (from center to center) is interesting as this is about 
three turns of the DNA helix, which suggests possible co-operative binding of the 
activator protein. This is the same distance as the spacing for the NR1 activator sites 
upstream of the E.coli glnA promoter (Reitzer and Magasanik, 1985). A current 
model of NifA activation in K. pneumoniae involves the binding of integration host 
factor (IHF) to a region between the NifA binding site and the NtrA-dependent 
promoter, which causes bending of the DNA and therefore facilitates productive 
interactions between NifA and NtrA-core polymerase (section 1.3.2.3; Santero 
et al., 1989; Cannon et al., 1990). Ongoing experiments have shown that the E.coli 
integration host factor is able to bind to the T. ferrooxidans nijH upstream regulatory 
region (Hoover et al., 1990). Gel mobility shift experiments and hydroxyl radical 
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footprints with purified E.coli IHF showed that a region present between the NifA 
site and the NtrA-dependent promoter of several nif genes - including the 
T.ferrooxidans niftl gene -, which showed some similarity to the consensus binding 
site for E.coli IHF (derived from binding sites in lamboid phages), was the site of 
E.coli IHF binding (Hoover et al., 1990; Santero et al., Eighth International 
Conference on Nitrogen Fixation, 1990). 
The similarity of the T. ferrooxidans niftl gene promoter-regulatory region to 
K. pneumoniae nif gene regulatory regions and the availability of the T. ferrooxidans 
niftl gene cloned in E.coli prompted investigation of whether the cloned 
T.ferrooxidans ntrA gene product was able to direct expression from an isogenic niftl 
promoter region. This was carried out using a translational fusion between the 
T. ferrooxidans niftl gene and the lacZ gene. For comparison, matching experiments 
were carried out using a K. pneumoniae niftl-lacZ fusion. 
The syntheses of the formate dehydrogenase and hydrogenase components of the 
formate hydrogenlyase pathway in E. coli are known to be repressed by oxygen, 
repressed anaerobically by nitrate, and induced by formate (Wimpenny and 
Cole, 1967). Pecher et al. (1983) demonstrated that this regulation was at the level of 
transcription and it was subsequently found that the effects of oxygen, nitrate, and 
formate could not be separated physically on deletion analysis of the regulatory region 
of the fdhF gene (Birkmann et al., 1987b). Birkmann and Bock (1989) have shown 
that regulation at least by formate induction is mediated by a regulatory sequence of 
about 25 bp in length located 110 bp 5' to the transcription start site of the f dhF gene. 
This sequence represents the second regulatory element other than the 
NtrA-dependent promoter which controls expression of the formate hydrogenlyase 
pathway. A regulatory protein(s) which acts at this site has yet to be identified. 
The products of hydG (Stoker et al., 1989) and fhlA (Sankar et al., 1988; 
ORFE - Bohm et al., 1990), if different, are candidates. 
Two types of formate dehydrogenase activities have been identified in E. coli, and 
these may be distinguished by their activities on artificial electron acceptors (reviewed 
in Stewart, 1988). The formate dehydrogenase-N, which is found predominantly in 
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oxygen- and nitrate-respiring cells, is particularly active with methylene blue or 
phenazin methosulphate as an artificial electron acceptor. In contrast, the formate 
dehydrogenase-H, which is a component of the fermentative formate hydrogenlyase 
pathway, is active with benzylviologen as an artificial electron acceptor (Peck and 
Guest, 1957). Mandrand-Berthelot et al. (1978) developed a dye-overlay technique 
that could be used directly on growth plates for the detection of E. coli cells exhibiting 
the benzylviologen-linked formate dehydrogenase activity. The TGYEP overlay 
technique described in Ch. 2 for the detection of gas positive E. coli colonies and the 
dye-overlay technique for the detection of formate dehydrogenase-H activity provided 
two simple phenotypic tests to determine whether the E. coli ntrA mutant strain 
containing the T. ferrooxidans ntrA gene showed the same pattern of formate and 
nitrate regulation of formate hydrogenlyase activity as a ntrA+ E. coli strain. The 
effect of the cloned T. ferrooxidans ntrA gene product on the expression of the E.coli 
fdhF gene was also studied using afdhF-lacZ fusion plasmid. 
This chapter describes experiments to demonstrate the biological act1v1ty of the 
T. ferrooxidans ntrA gene product cloned in E. coli. Phenotypes characteristic of the 
formate hydrogenlyase pathway and the expression of afdhF-lacZ fusion were studied 
to show that the T. ferrooxidans ntrA gene complemented the E. coli ntrA mutant for 
formate hydrogenlyase activity and that this activity was subject to the same 
regulation pattern as a wildtype E. coli strain. The effect of the cloned 
T. ferrooxidans ntrA gene product on the expression of either a T. ferrooxidans or a 
K. pneumoniae niftl-lacZ fusion in E. coli was also studied. 
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4.2 Materials and Methods 
4.2.1 Bacterial strains, plasmids, and media 
The strains and plasmids used in this study are described in Appendix A. Media used 
for growth of E.coli strains is described in the text and Appendix B. When required, 
antibiotics were added at the following concentrations: ampicillin, 100 µg/ml; 
tetracycline, 15 µg/ml; chloramphenicol, 20 µg/ml. 
4.2.2 Phenotypic tests for formate hydrogenlyase activity 
E.coli strains were toothpicked onto duplicate TGYEP agar plates at pH 6,5 
containing either 30 mM formate (TGYEPF plates) or 40 mM nitrate 
(TGYEPN plates), and tested for either gas production by the TGYEPF agar overlay 
technique as described in Ch. 2 (section 2.2.6.1) or for benzylviologen reduction by 
the benzylviologen overlay technique as described by 
Mandrand-Berthelot et al. (1978). This involved incubation overnight at 37°C under 
anaerobic conditions of the E.coli strains toothpicked onto the TGYEPF and 
TGYEPN plates. Benzylviologen reduction was tested by pouring over the growth 
plates a dye-overlay solution held at 45°C and containing agar (0,8% w/v), 
benzylviologen (1 mg/ml), and KH2P04 (25 mM; pH 7,0). Colonies of E.coli strains 
which were able to reduce benzylviologen were immediately identifiable by the . 
conversion of the colourless benzylviologen dye in the agar overlay surrounding each 
colony to a bright purple colour. Appropriate antibiotic selection was provided. 
4.2.3 Growth conditions for P-galactosidase assays 
E. coli strains containing the fdhF-lacZ fusion plasmid, pBN208, were grown in a 
pre-culture of LB for 8 h at 37°C under aerobic conditions. This pre-culture was 
washed in 0,8% saline and the optical density at 600 nm (OD600) was measured to 
enable inoculation of a sample of the washed pre-culture into the assay culture media 
to ensure a starting OD600 of 0,05 units which was constant for each E.coli strain. 
The assay culture media for E.coli (pBN208) strains was liquid TGYEPF or 
TGYEPN (pH 6,5), containing 0,2% glutamine (w/v) because of the glutamine 
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auxotrophy of the E.coli ntrA mutant strain THl. These cultures were· grown under 
anaerobic conditions at 37°C for 15 h before the ~-galactosidase assays were carried 
out. 
E.coli strains containing the nif-lacZ fusion plasmids were grown by an adaptation of 
the method of Ow and Ausubel (1983). These strains were grown aerobically in a 
LB pre-pre-culture at 300C for 8 h, washed in 0,8% saline, and inoculated into the 
pre-culture media at a starting OD600 = 0,2. The pre-culture medium consisted of 
NFDM (Appendix B) containing 500 µg/ml casamino acids, 2 mg/ml glutamine, and 
2 mg/ml (NH4)iS04. Growth was continued in this nitrogen rich medium at 300C in a 
shaking waterbath under anaerobic conditions to saturation (15 h), after which the 
cultures where washed and inoculated at a starting OD600 = 0,5 into nitrogen limiting 
medium, which consisted of NFDM supplemented with 100 µg/ml glutamine. 
Growth was continued for 10 h under anaerobic conditions in a shaking waterbath at 
300C before determination of the ~-galactosidase activity. 
4.2.4 ~-Galactosidase assays 
~-Galactosidase activity of the E. coli cultures was determined by an adaptation of the 
method of Miller (1972). All measurements of ~-galactosidase activity reported in 
this thesis were the result of at least three separate determinations. A method was 
developed which enabled rapid processing of multiple samples with volumes 
convenient for use in 1,5 ml Eppendorf tubes. Cells were washed in 0,8% saline and 
resuspended in phosphate buffer (0,1 M K2HP04; pH 7,0). Several serial dilutions of 
the washed cells were assayed in 250 µI amounts with an equal volume of 
Z buffer (Appendix B). This involved permeabilization of the cells by addition of 
50 µI 0,1 % (w/v) sodium dodecyl sulphate (SOS) and 50 µI of chloroform, followed 
by an equilibration incubation at 28°C for 5 min after which the reaction 
was initiated by the addition of 100 µl of the substrate 
o-nitrophenyl-~-D-galactopyranoside (ONPG)(4 mg/ml) in phosphate buffer. The 
mixture was incubated at 28°C until the appearance of- a pale yellow colour which 
usually occurred after 5 - 15 min of incubation. The reaction was stopped by the 
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addition of 250 µI of Na2C03 (14% w/v). Cell debris was sedimented by 
centrifugation in a bench-top microfuge for 2 min and the pale yellow supernatant was 
removed and diluted with water (1 ml) to provide a convenient volume for 
spectrophotometric analysis. The OD420 was measured to determine the amount of 
o-nitrophenol released and the OD550 was also determined to obtain a measure of the 
influence of the cell debris on the OD420. Miller (1972) states that the factor 
(1,75 x OD550) gives a close approximation to the absorbance at OD420 caused by cell 
debris. It was found that the inclusion of the centrifugation step in the protocol 
reduced this factor to zero in most cases. The ~-galactosidase activity was expressed 
in Miller units which were calculated using the formula (Miller, 1972) where the 
reaction time (t) is measured in min and the culture volume assayed (v) in ml: 
Miller units = 1000 x 
OD420 - (1.75 x OD550) x dilution factor 
t X V X OD(:,()() 
4.2.5 Subcloning of the T. ferrooxidans ntrA gene 
Fig. 4.1 shows the 1,69-kbp C/al(position 802 on Fig. 3.2)-EcoRI fragment containing 
the T.ferrooxidans ntrA gene together with its putative promoter region which was 
subcloned into the relevant plasmid vectors to demonstrate the biological activity of 
the product of the T.ferrooxidans ntrA gene in the absence of the ORFl and ORF3 
coding sequences. This fragment was derived from pT30-D which was isolated as a 
result of exonuclease ill shortening of pT30 from the Bgill end to nucleotide 2491 
(described in section 3.2.7; Fig. 3.1). The insertion of this fragment into the 
Bluescript KS+ and SK+ vectors to produce pT40 and pT41 has been described in 
section 3.2.7. The tetracycline resistance gene of the vector pACYC184 (Appendix F) 
was replaced by this 1,69-kbp Clal-EcoRI fragment, to produce pT50. This was 
achieved by ligation of this 1,69-kbp Clal-EcoRI (filled-in using Kienow at the EcoRI 
5' overhang) fragment into Clal and Hindll (the site 3' to the tetracycline resistance 
gene) digested pACYC184. 
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Fig. 4.1. Origin of the T.ferrooxidans ntrA gene subclone. The single line represents 
the 2,8-kbp T. ferrooxidans DNA insert in pT30. Numerals refer to nucleotides from 
the Sa/I site and match those in Fig. 3.2. The 1,69-kbp Clal!EcoRI fragment from 
pT30-D used to construct pT40, pT41, and pTSO is shown by a hatched box 
(T. ferrooxidans DNA) and a filled box (pUC19 DNA). ORFs are indicated by 
open boxes. B, Bgffi; C, C/al; R, EcoRI; S, Sa/I. 
4.2.6 Construction of the plasmid vector pl84t and subcloning of the 
K. pneumoniae ntrA gene 
p184t was a derivative of pACYC184 deleted for the tetracycline resistance gene and 
a region recently implicated in destabilization of the vector pACYC184 (Kolot 
et al., 1989). This deletion was achieved by digestion of pACYC184 with Hindlll 
restriction endonuclease which resulted in a single cut 5' to the tetracycline resistance 
gene, fill-in of the HindIII 5' overhang with Klenow, followed by digestion with the 
Hindll restriction endonuclease which has a sites within and 3' to the tetracycline 
resistance gene (Appendix F). p184t was the result of recircularization and ligation of 
the plasmid at the filled-in Hindlll end and the blunt end Hindi! site 3' to the 
tetracycline resistance gene, thus deleting all of the tetracycline resistance gene coding 
sequences. Deletion of the tetracycline resistance gene was necessary since this was 
the marker carried on the plasmid pCK3 carrying the K. pneumoniae nif A gene. The 
K. pneumoniae ntrA gene on a 1,69-kbp C/al fragment from the plasmid pFB71 was 
cloned into the C /al site of p 184t to produce pK50. 
B 
99 
4.2.7 Construction of a translational fusion between the T.ferrooxidans nifll 
gene and the E. coli lacZ gene 
A 1,2-kbp EcoRI-Xhol fragment from pIMPl 1 (Pretorius et al., 1987) was cloned into 
the EcoRI site of pMC1403 (Casadaban et al., 1983) to produce a translational fusion 
between the T.ferrooxidans niftl and the E.coli lacZ gene. The strategy employed is 
shown in Fig. 4.2. The translational fusion vector pMC1403 contains a multiple 
cloning site with unique sites for the restriction endonucleases EcoRI, Smal, and 
BamJ-n 5' to codon 8 of the E.coli lacZ gene. Consequently, the lacZ gene lacks a 
promoter region, a ribosome binding site, and an ATG start codon. Insertion of a 
fragment of DNA which contains all of these elements and choice of restriction sites 
so that the resultant fusion is in frame with the lacZ gene produces a recombinant 
clone which is positive for ~-galactosidase activity. 
A 1,2-kbp EcoRI-Xhol fragment from pIMPll which contained the promoter region 
and N-terminus of the T.ferrooxidans niftl gene was ligated to EcoRI digested 
pMC1403 to produce a linear molecule. The remaining 5' overhangs of the insert 
Xhol site and the vector EcoRI site were filled-in with Kienow to enable a blunt-end 
recircularization ligation at these ends to produce an in-frame translational fusion 
between codon 75 of the T.ferrooxidans niftl gene and the lacZ gene. 
This junction site was checked by nucleotide sequencing using a synthetic primer 
(5'-CG-CCA-GGG-TTT-TCC-CAG-3') (a gift from Prof. D. Botes, Biochemistry 
Department, University of Cape Town, South Africa) which is complementary to the 
sequence situated between +42 and +64 nucleotides within the lacZ gene and 
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Fig. 4.2. Construction of pIDac as described in the text. T. ferrooxidans DNA is 
represented by a double line. The E.coli lac2YA genes are represented by a thick 
line. Abbreviations: b, codon 8 of lacZ; c, codon 75 of T.ferrooxidans nift{; d, 
chimeric codon; P, NtrA-dependent promoter; B, BamHI; E, EcoRI; Sa, Sall; S, Smal; 
V, EcoRV; X, Xhol. 
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4.3 Results 
4.3.1 Regulation of formate hydrogenlyase activity in E. coli THI cells 
containing the cloned T. f errooxidans ntrA gene 
Experiments were carried out to determine whether the pattern of formate and nitrate 
regulation of the formate hydrogenlyase pathway were the same in the mutant E. coli 
THI strain containing the cloned T.ferrooxidans ntrA gene as in the parent strain, E. 
coli YMClO. Phenotypic tests were carried out on the different E.coli strains with 
and without the cloned T. ferrooxidans ntrA gene to check for the gas positive 
phenotype and the ability to reduce benzylviologen (Table 4.1). 
Table 4.1. Phenotypic tests for formate hydrogenlyase activity. 
Straina Relevant Gase BenzcLlvi?Io8en Gase BenzcLlvi?lo8en genotypeh re uctton re uct10n 
30 mM formate 40 mM nitrate 
THl(pT40) TfntrA+ + + nd nd 
THl(pT41) TfntrA+ + + nd nd 
THl(B-SK) Li ntrA - - nd nd 
THl(p184t) Li ntrA - - - -
THl(pT50) TfntrA+ + + - -
THl(pK50) Kp ntrA+ + + - -
YMC10(p184t) Ee ntrA+ + + - -
FM91 l(p184t) Ee ntrA+ 
LifdhF - - - -
FM91 l(pT50) TfntrA+ 
LifdhF - - - -
FM91l(pK50) Kp ntrA+ 
LifdhF - - - -
a E. coli strains were grown anaerobically on TGYEP agar (pH 6,5), containing 
either 30 mM formate or 40 mM nitrate. 
b Tf, T.ferroo;xidans; Kp, K. pneumoniae; Ee, E. coli; nd, not determined; 
B-SK, plasmid vector Bluescript-SK. 
e Gas production was scored positive ( +) on formation of a gas pocket around a 
colony growing beneath a TGYEP agar overlay. 
d Reduction of benzylviologen was scored positive ( +) on the conversion of the 
benzylviologen dye from colourless to purple within one minute of 
overlaying colonies grown anaerobically overnight on TGYEP agar. 
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The E. coli THl strain containing the plasmid vector p184t was unable to produce gas 
or reduce benzylviologen when grown with formate or nitrate (Table 4.1). In contrast, 
E. coli YMClO and THl containing either the T.ferrooxidans or the K. pneumoniae 
ntrA gene were gas positive and were able to reduce benzylviologen when grown with 
formate (Table 4.1 ). In the presence of nitrate both gas production and 
benzylviologen reduction were repressed (Table 4.1). The inability of the E. colifdhF 
mutant FM911, containing either the T. ferrooxidans or the K. pneumoniae ntrA gene, 
to produce gas or reduce benzylviologen indicated that a functional fdhF gene was 
required for ntrA complementation of formate hydrogenlyase phenotypes (Table 4.1). 
4.3.2 Expression of the T. f errooxidans ntrA gene in E. coli 
E. coli THl cells containing the T.ferrooxidans ntrA gene cloned in both orientations· 
with respect to the Bluescript vector lacZ gene (pT40, pT41) produced gas and 
reduced benzylviologen when grown with formate (Table 4.1). It was concluded that 
the T. ferrooxidans ntrA gene was expressed from its own regulatory region in E. coli. 
4.3.3 Expression of a / dhF-lacZ fusion in E. coli in the presence of the 
T. f errooxidans ntrA gene 
The biological activity of the T. ferrooxidans ntrA gene product in E. coli was tested 
by investigation of the expression of a translational fusion between the N-terminus of 
the E. coli fdhF gene and the lacZ gene, which codes for the f3-galactosidase enzyme. 
This fdhF-lacZ fusion was carried on the plasmid pBN208 (Appendix A). Positive 
controls were the cloned K. pneumoniae ntrA gene and the parent E.coli YMClO 
strain which has a chromosomal ntrA gene. When E. coli THl(pBN208) cells 
containing the T. ferrooxidans ntrA gene on a compatible plasmid were grown 
anaerobically with formate the expression of the f dhF-lacZ fusion was increased 
7-fold above the basal level of expression obtained in the absence of a ntrA gene 
(Rows 1 and 2; Table 4.2). A similar increase in f3-galactosidase activity was 
obtained in the presence of either the K. pneumoniae or the E. coli ntrA gene 
(compare rows 3 and 4 with row 2; Table 4.2). f3-galactosidase activity was repressed 
when the cultures were grown anaerobically with nitrate (Table 4.2). 
Table 4.2. Effect of the T.ferrooxidans NtrA on expression of P-galactosidase. 
activity from afdhF-lacZ fusion plasmid in E. coli. 




1 THl(pBN208, pT50) T. ferrooxidans ntrA 
(fdhF-/acZ) 
2267 180 
2 THl(pBN208, ~ ntrA 322 102 
pACYC184) (fdhF-lacZ) 
3 THl(pBN208, pFB71) Kfhneumoniae ntrA 2514 260 
(fi hF-lacZ) 
4 YMC10<xBN208, E.coli ntrA 3761 359 
p CYC184) (fdhF-lacZ) 
a E.coli strains were grown anaerobically in TGYEP medium (pH 6,5) + 
0,2% (w/v) glutamine + 0,8% glucose, containing either 30 mM formate or 
40 mM nitrate. 
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4.3.4 Expression of T.ferrooxidans and K. pneumoniae nif/1-lacZ fusions in 
E. coli in the presence of the T. ferrooxidans ntrA gene and the K. pneumoniae 
nifA gene 
The biological activity of the T. ferrooxidans ntrA gene product was investigated 
further by analysis of the expression of translational fusions between the N-terminus 
regions of nifH genes from T. ferrooxidans and K. pneumoniae, and the reporter gene, 
lacZ. Positive controls were the cloned K. pneumoniae ntrA gene and the parent 
E.coli YMClO strain which has a chromosomal ntrA gene. NtrA-dependent 
expression from nifH promoters requires the presence of an activator, encoded by the 
nifA gene. As there is no nif A gene in E. coli, this was provided by the constitutively 
expressed K. pneumoniae nifA gene on the plasmid pCK3. Low basal levels of 
P-galactosidase activity were obtained from E.coli THI containing the vector p184t 
and compatible plasmid vectors carrying the K. pneumoniae nifA gene (pCK3) , and 
either the K. pneumoniae nifH-lacZ fusion (p:MBl) or the T.ferrooxidans nifH-lacZ 
fusion (pHlac) when grown anaerobically in nitrogen limited medium (Rows 2 and 6; 
Table 4.3). Replacement of the vector p184t by the plasmid pT50 (carrying the 
T.ferrooxidans ntrA gene) increased expression of both nifH-lacZ fusions more than 
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50-fold above basal levels (compare row 1 with row 2, and row 5 with row 6; 
Table 4.3). The cloned T. ferrooxidans ntrA gene product was less efficient at 
promoting expression of the K. pneumoniae nifH-lacZ fusion than was the cloned 
K. pneumoniae ntrA gene product or the chromosomally-encoded E. coli ntrA gene 
product (compare row 1 with rows 3 and 4; Table 4.3). All three ntrA gene products 
produced similar levels of ~-galactosidase activity from the T.ferrooxidans nifH-lacZ 
fusion (Rows 5, 7, and 8; Table 4.3). 
Table 4.3. Effect of T. ferrooxidans NtrA on expression of ~-galactosidase activity 
from nifH-lacZ fusion plasmids in the presence of the K. pneumoniae nifA gene in 
E.coli. 
Straina Relevant genotypeb ~-galactosidase activity 
(Miller units) 
1 THl(pCK3, pMBl, pT50) T.ferrooxidans ntrA + 
(KpnifH-lacZ) KpnifAc 
1484 
2 THl(pCK3, pMBl, p184t) L1 ntrA " 28 
(KpnifH-lacZ) Kpnif Ac 
3 THl(pCK3, pMBl, pK50) K. pneumoniae ntrA + 13 333 
(KpnifH-lacZ) KpnifAc 
4 YMC10(pCK3, pMBl, p184t) E.coli ntrA+ 10 113 
(KpnifH-lacZ) KpnifAc 
5 THl(pCK3, plllac, pT50) T.ferrooxidans ntrA + 1642 
(TfnifH-lacZ) KpnifAc 
6 THl(pCK3, plllac, p184t) L1 ntrA 32 
(TfnifH-lacZ) Kpnif Ac 
7 THl(pCK3, plllac, pK50) K. pneumoniae ntrA + 
(TfnifH-lacZ) KpnifAc 
2042 
8 YMC10(pCK3, plllac, p184t) E. coli ntrA + 2044 
(TfnifH-lacZ) KpnifAc 
a Strains were grown anaerobically in nitrogen-limiting conditions as described in 
the text (section 4.2.4). 
b Kp, K. pneumoniae; Tf, T.ferrooxidans. 
c Represents constitutive expression of the K. pneumoniae nifA gene. 
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4.4 Discussion 
A recombinant cosrnid clone which complemented an E.coli ntrA mutant for gas 
production was cloned and the nucleotide sequence of a 2,8-kbp fragment containing 
the T.ferrooxidans ntrA gene was determined (Chapters 2 and 3). As the 
T.ferrooxidans ntrA gene was not able to complement the E.coli ntrA mutant for 
growth on minimal medium and arginine, as had been used for the isolation of the 
K. pneumoniae, A. vinelandii, and P. putida ntrA genes, experiments were carried out 
to show that the cloned T. ferrooxidans ntrA gene could promote transcription from 
NtrA-dependent promoters. A 1,69-kbp subclone of the sequenced T.ferrooxidans 
DNA insert, which contained the coding sequence for the T.ferrooxidans ntrA gene, 
was used to confirm that this was the T. ferrooxidans genetic determinant responsible 
for the complementation of the gas positive phenotype in the E.coli ntrA mutant. 
Phenotypic tests showed that this complementation was due to NtrA-dependent 
expression of the E. coli gas producing formate hydrogenlyase pathway by the cloned 
T. ferrooxidans ntrA gene product. This complementation was tested by observing 
the ability of the E.coli ntrA mutant containing the cloned T.ferrooxidans ntrA gene 
to produce gas and reduce benzylviologen when grown anaerobically in the presence 
of formate, and the .repression of both activities on the replacement of formate by 
nitrate in the growth medium. 
A direct demonstration that the cloned T. ferrooxidans NtrA protein could promote 
expression from the NtrA-dependent promoters of the genes encoding components of 
the E. coli formate hydrogenlyase pathway was obtained using a translational fusion 
between the E. coli fdhF gene, which encodes the selenopolypeptide component of the 
formate dehydrogenase, and a reporter gene, lacZ. This enabled the quantitative 
measurement of levels of expression from the fdhF NtrA-dependent promoter in the 
presence and absence of the cloned .T. ferrooxidans ntrA gene. The T. ferrooxidans 
NtrA was able to promote expression from the E. coli fdhF promoter to levels 
equivalent to that achieved by either the E. coli or the K. pneumoniae NtrA proteins as 
measured by an increase in ~-galactosidase activity from the fdhF-lacZ fusion product 
(Table 4.2). 
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The existence of a formate hydrogenlyase pathway in T.ferrooxidans is unlikely 
because in E.coli it is a non-energy conserving pathway which would be 
incompatible with the stringent energy budget associated with T. ferrooxidans' 
chemolithoautotrophic way of life. Biological activity of the cloned T. ferrooxidans 
NtrA was therefore investigated with respect to expression of the NtrA-dependent 
promoter of the niftl gene, a component of the nitrogen fixation system, which is 
known to occur in T. ferrooxidans. The increase in. expression of a T.ferrooxidans 
niftl-lacZ fusion in the E.coli ntrA mutant directed by the T.ferrooxidans NtrA was 
equivalent to that achieved by either the K. pneumoniae or E. coli NtrA proteins 
(Table 4.3). Furthermore, this activation required the presence of the K. pneumoniae 
nif A gene which indicates that the K. pneumoniae NifA protein is able to recognize 
the T.ferrooxidans niftl upstream activator site(s) which is a requirement for 
NtrA-dependent expression from niftl promoters. The weak expression from the 
K. pneumoniae niftl promoter directed by the T.ferrooxidans NtrA (Table 4.3) could 
be due to either poor recognition of the niftl promoter by the heterologous 
T.ferrooxidans NtrA complexed to the E. coli core RNA polymerase, or inefficient 
interaction between the T. ferrooxidans NtrA protein and the K. pneumoniae NifA 
protein. However, strict comparisons of NtrA efficiency should not be made because 
the ntrA genes are expressed at different levels and expression of each fusion is 
dependent on NifA, NtrA, and core RNA polymerase coded for by genes from . 
different bacteria. 
The ability of the T. ferrooxidans NtrA to direct expression from the T. ferrooxidans 
niftl promoter region in E. coli provides evidence that NtrA is involved in regulation 
of at least one aspect of nitrogen metabolism in T.ferrooxidans, namely that of 
nitrogen fixation. This is interesting as no NtrA-dependent promoter has been 
identified upstream of the T.ferrooxidans glnA gene (Rawlings et al., 1987), which 
codes for a key nitrogen metabolism enzyme, glutamine synthetase. 
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CHAPTERS 
CLONING OF THE T. FERROOXIDANS NTRC GENE 
5.0 Summary 
Transduction of an E. coli ntrC mutant with a T. f errooxidans cosmid gene bank, and 
selection for growth on arginine as a sole nitrogen source did not yield the 
T.ferrooxidans ntrC gene. Low levels of expression from a T.ferrooxidans nifH-lacZ 
fusion plasmid in an E. coli ntrC background were observed, while the presence of an 
E. coli or K. pneumoniae ntrC gene resulted in increased P-galactosidase activity 
when the cells were grown in nitrogen-limiting conditions. An agar plate assay for 
the detection of E. coli ntrC cells containing the T. ferrooxidans nifH-lacZ fusion 
which showed increased levels of P-galactosidase activity in the presence of a cloned 
ntrC gene was developed. E.coli ntrC (T.ferrooxidans nifH-lacZ fusion plasmid) 
cells were transduced with the T. f errooxidans cos mid gene bank and colonies were 
grown on a low-nitrogen minimal medium. Cells which showed increased 
P-galactosidase activity by virtue of formation of a strong yellow colour after flooding 
with o-nitrophenyl-P-galactopyranoside (ONPG) were shown to contain the 
T. ferrooxidans nt~C gene on a recombinant cosmid. The T. ferrooxidans ntrC gene 
was subcloned on a 5,2-kbp Kpnl-HindIII fragment. Nucleotide sequence analysis 
was used to localize the T. ferrooxidans ntrC gene, part of which was situated on a 
486 bp Clal-BamHI fragment. The predicted translation product of this section of the 
T.ferrooxidans ntrC gene showed homology to the N-terminal region of NtrC 
proteins from other bacteria, with the greatest similarity to NtrC proteins from enteric 
bacteria (76 and 72% similarity with NtrC from K. pneumoniae and E. coli, 
respectively). Expression in E.coli of the T.ferrooxidans nifH-lacZ fusion in the 
presence of the T. ferrooxidans ntrC gene was regulated by nitrogen in both solid and 
liquid media. Southern hybridization against T. ferrooxidans chromosomal DNA 
confirmed the origin of the T. ferrooxidans ntrC gene. 
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5.1 Introduction 
NtrC, the product of the ntrC gene, is the transcriptional regulator at the heart of the 
Ntr regulatory system in enteric bacteria (described in detail in section 1.2.2). The 
importance of NtrC in the general regulation of nitrogen metabolism in enteric 
bacteria, the identification of ntrC genes in non-enteric bacteria, and the role of NtrC 
at the first level of regulation of expression of the nif genes in K. pneumoniae has led 
to intense interest in this regulatory protein. Overexpression of the ntrC gene in 
E. coli, and the ease with which this protein may be purified in milligram amounts 
(Reitzer and Magasanik, 1983; Hawkes et al., 1985) has enabled dissection of the 
molecular mechanisms of NtrC-mediated regulation in great detail. Another nitrogen 
metabolism transcriptional activator, the K. pneumoniae NifA protein, appears to be 
predominantly in an insoluble form after most purification protocols (Austin 
et al., 1990; Hoover et al., 1990). In this chapter the terminology ntrC (as opposed to 
glnG) and NtrC (as opposed to GlnG or NR1) has been used. 
Complementation studies and phenotypic characterization of ntrC mutant strains are 
providing some answers as to the role of NtrC in nitrogen regulation in non-enteric 
bacteria. NtrC appears to be required for growth on nitrate as a sole nitrogen source 
in A. vinelandii (Toukdarian and Kennedy, 1986), Azorhizobium caulinodans 
(Pawlowski et al., 1987), R. meliloti (Szeto et al., 1987), A. tumefaciens (Rossbach 
et al., 1987), but not R. leguminosarum (Moreno et al., Eighth International 
Conference on Nitrogen Fixation, 1990). Growth on arginine, histidine, or proline as 
sole nitrogen sources is impaired in ntrC mutants of A. caulinodans (Pawlowski 
et al., 1987), while the chromosomal but not the Ti-encoded arginine catabolism 
pathway is defective in A. tumefaciens ntrC strains (Rossbach et al., 1987). In 
members of the family Rhizobiaceae, such as R. meliloti, B. japonicum, and 
A. tumefaciens, the gin/I gene is subject to transcriptional regulation by NtrC in 
response to nitrogen levels, while the glnA gene is not (de Bruijn et al., 1989; Martin 
et al., 1988; Rossbach et al., 1987). In R. meliloti, at least, the glnT locus appears also 
to be subject to NtrC control (de Bruijn et al., 1989). 
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Current models portray NtrC as responsible for nitrogen regulation in the free-living 
state of rhizobia species, but its involvement in symbiotic nitrogen fixation varies 
between species. NtrC is essential not only for N2-fixation in free-living 
A. caulinodans cells, but also for nif-derepression during symbiosis and nodule 
development on the legume Sesbania rostrata (Pawlowski et al., 1987). NtrC 
activated transcription of the R. meliloti nifHDK andfl.XABC operons has been shown 
in free-living cells, although the significance of this is not clear as acetylene reduction 
by free-living R. meliloti cultures has not been demonstrated in the laboratory (Szeto 
et al., 1987). However, it is clear that NtrC is not required for symbiotic N2-fixation 
by R. meliloti (Szeto et al., 1987). Ni-fixation by A. vinelandii was independent of 
NtrC (Toukdarian and Kennedy, 1986), while a R. capsulatus nijR.l mutant was Nii 
(Jones and Haselkorn, 1989). 
NtrC genes have been cloned from the enteric bacteria, E. coli, S. typhimurium, and 
K. pneumoniae by virtue of their linkage to the glnA gene (Covarrubias and 
Bastarrachea, 1983; Kustu et al., 1986; de Bruijn and Ausubel, 1981; Espin 
et al., 1982). The _ntrC gene from A. vinelandii was isolated by complementation of 
the E. coli ntrC strain ET8556 and selection for growth on arginine as a sole source of 
nitrogen (Toukdarian and Kennedy, 1986). The glnA gene was found to be closely 
linked to the ntrC gene in this non-enteric bacterium (Toukdarian and 
Kennedy, 1986). NtrBC-lik.e genes (nijR.2 and nijR.l) from the photosynthetic 
bacterium R. capsulatus were identified by complementation of a Nii mutant (A vtges 
et al., 1985; Jones and Haselkorn, 1989). A ntrC::Tn5 mutant of R. leguminosarum 
was found to be defective in GSII activity, and complementation of this phenotype 
yielded the ntrC gene (Moreno et al., and Defez et al., Eighth International 
Conference on Nitrogen Fixation, 1990). 
The R. meliloti and Bradyrhizobium sp. [Parasponia] ntrC genes were isolated using 
Southern hybridization with the E. coli ntrC gene as a probe (Nixon et al., 1986; 
Szeto et al., 1987). The ntrC gene of A. caulinodans was identified and cloned using 
the K. pneumoniae nif A gene as a hybridization probe (Pawlowski et al., 1987). The 
A. tumef aciens ntrC gene was isolated by two separate groups using either the 
A. caulinodans (Rossbach et al., 1987) or the R. meliloti (Wardhan et al., 1989) ntrC 
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gene as a hybridization probe. A strong hybridization signal was observed on probing 
of B. japonicum chromosomal DNA with the Bradyrhizobium sp. [Parasponia] ntrC 
gene, and this was used as a basis for the isolation of the B. japonicum ntrC gene 
(Martin et al., 1988). 
The use of interspecies hybridization as a technique for the isolation of ntrC genes 
indicates that there is extensive homology between ntrC genes from diverse 
prokaryotic groups. This is borne out by experiments which showed. positive 
hybridization signals on screening of chromosomal DNA digests from 
Agrobacterium radiobacter, Agrobacterium rubi, Agrobacterium rhizogenes, and 
A. eutrophicus with the A. tumefaciens ntrC gene as a probe (Wardhan et al., 1989). 
The nucleotide sequences of ntrC genes from E.coli (Miranda-Rios et al., 1987), 
K. pneumoniae (Buikema et al., 1985; Drummond et al., 1986), 
Bradyrhizobium sp. [Parasponia] (Nixon et al., 1986), R. meliloti (Szeto et al., 1987), 
A. tumefaciens (Wardhan et al., 1989), and R. capsulatus (nifR.l locus)(Jones and 
Haselkom, 1989) have been made available in the EMBL\Genbank\DDBJ databases 
under the accession numbers X105173, M19277\X02617, M14227, M15810, J03678, 
and X12359, respectively. The deduced aa sequences of the NtrC proteins from 
K. pneumoniae, Bradyrhizobium sp. [Parasponia], R. meliloti, and R. capsulatus . 
(NifRl) are archived in the NBRPSWISS\PIR protein databases under the accession 
numbers A03564, B26499, A26934, and P09432, respectively. 
It has been proposed that N trC proteins may be comprised of three domains as 
analysis of primary aa sequences has revealed conserved regions which bear 
resemblance to functional motifs in other proteins (Drummond et al., 1986; Nixon 
et al., 1986). The N-terminal region of approximately 100 aa is highly conserved 
amongst NtrC proteins and this is thought to form the domain which is involved in 
interaction with .NtrB (section 1.2.2.1). This domain has been termed the receiver 
module (Kofoid and Parkinson, 1988) and identifies NtrC as a member of the 
superfamily of response regulators (RR) which are involved in stimulus-response 
coupling within a bacterial cell (section 1.5; Stock et al., 1989b). The central domain 
of NtrC proteins has been termed the "activator" domain as this region shows 
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homology to the central region of proteins such as NifA and DctD which are also able 
to activate expression from cr54-dependent promoters. It is thought that this region 
interacts with cr54 and/or RNA polymerase. The C-terminal region of NtrC proteins 
contains a DNA-binding motif, and mutational studies have shown that this region is 
required for the binding of the K. pneumoniae NtrC to the UAS's of the gin.A gene and 
transcriptional activation from gln.Ap2 (Contreras and Drummond, 1988). 
Further evidence for the functional roles of these domains within N trC proteins has 
been obtained from studies of the molecular mechanisms whereby NtrC-P04 activates 
transcription from the gln.Ap2 promoter in E.coli and S. typhimurium. The 
isomerization of closed to open promoter complexes at the E . coli gln.Ap2 by 
NtrC-P04 has been shown in vivo (Sasse-Dwight and Gralla, 1988). In vitro studies 
with purified S. typhimurium NtrC have shown that this reaction requires ATP (apart 
from the ATP requirement for the phosphorylation of NtrC), however once an open 
complex had been formed the maintenance of the open complex or the initiation of 
transcription could be carried out by Ecr54 alone (Popham et al., 1989). 
Phosphorylation by NtrB at a site within the N-terminal domain of NtrC is essential 
for NtrC to perform its role as an activator in enteric bacteria (Ninfa and 
Magasanik, 1986). In contrast, the K. pneumoniae NifA protein (see section 1.3.2.3) 
is able to activate transcription at cr54-dependent nif promoters without 
phosphorylation of its N-terminal region. This is consistent with the idea that the 
N-terminal regions of these two proteins are non-homologous because they are 
"receiver" modules which are receptive to different signal elements (ie. NtrC is 
modified by NtrB; NifA activity is modulated by NifL). It has been suggested, 
therefore, that the attachment of the phosphate group to NtrC may not play an intrinsic 
role in the interaction with Ecr54, but causes a conformational change that allows the 
central domain of NtrC to interact with the closed promoter complex (Weglenski 
et al., 1989). Mutational studies which support this hypothesis include the 
identification E. coli strains with ntrC gene mutations which exhibit increased NtrC 
activity, which may be the result of novel NtrC proteins which more readily assume 
the active form. An example is a mutation in the E. coli ntrC gene which resulted in 
an NtrC protein which could activate transcription to a low level in the 
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unphosphorylated form, while the mutant NtrC-P04 was more efficient than the 
wild-type NtrC-P04 (Weglenski et al., 1989). Biological evidence for the hypothesis 
that the central region (conserved between NtrC and NifA proteins) is involved in the 
interaction between the activator and Ecr54 come from studies that showed that this 
region of the R . meliloti NifA was sufficient for transcriptional activation function 
(Huala and Ausubel, 1989). 
Maximal activation by NtrC-P04 at the glnA.p2 promoter requires the presence of 
UAS's at which the activator protein binds, however these sites are not essential when 
NtrC-P04 is present at high concentrations (Ninfa et al., 1987; Reitzer and 
Magasanik, 1986). NtrC binding sites display characteristics similar to eukaryotic 
enhancers as these sites are located at least 100 bp upstream of glnA.p2, and that 
relocation of these sites by more than 1000 bp does not alter. the ability of NtrC-P04 
to activate transcription from glnA.p2 (Reitzer and Magasanik, 1986; Garcairrubio and 
Covarrubias, 1987). This suggests that this activation could involve DNA bending or 
loop formation so that the NtrC-P04 is able to interact with Ecr54 while still bound to 
these sites far from glnA.p2 (Reitzer and Magasanik, 1986; Reitzer et al., 1989). A 
recent report has provided evidence to support the DNA loop model as opposed to a 
tracking or topoisomerase model for interaction between NtrC-P04 and Ecr54 (Wedel 
et al., 1990). The NtrC-binding sites and the glnA promoter were placed on different 
rings of a singly linked catenane, and it was shown in vitro that this configuration 
gave similar levels of NtrC-mediated transcriptional activation as obtained when these 
DNA elements were in cis (Wedel et al., 1990). NtrC binding sites are therefore 
thought to tether NtrC-P04 near the glnA promoter, thereby increasing the frequency 
of collisions between NtrC-P04 and Ecr54. Moreover, the DNA loop predicted to 
exist between the N trC binding sites and the g lnA promoter has been visualized 
directly by electron microscopy (Su et al., 1990). 
The positions of certain bases adjacent to the conserved -GC- doublet within the 
cr54-dependent promoter are considered to be important in distinguishing between 
promoters that are activated by NtrC-P04 as opposed to NifA (Ow etal., 1983, 1985; 
Ray et al., 1990). cr54-dependent promoter regions of relevant genes are shown in 
Fig. 5.1. Examination of cr54-dependent promoter sequences has indicated that in 
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most cases the presence of T residues at positions -17 to -15 signalled a promoter 
which could be activated by NtrC-P04 (Ow et al., 1983; Fig. 5.1). In contrast, the 
K. pneumoniae nifH promoter, which has a stringent requirement not to be activated 
by NtrC-P04, has C residues at these positions (Beynon et al., 1983; Fig. 5.1). 
Ntrca 
-24 -12 
TfnifH T T G G C A C G G C C C T T G C AA ? 
glnA T T G G CACAGAT T T C G C T T + 
KpnifL AG G G C G C A C G G T T T G C AT + 
RmnifH C T G G C A C G A C T T T T G C AC + 
KpnifH Bl C T G G TAT GT T T C C T G C AC + 
KpnifH B2 C T G G TAT GT T'c'CTT G C AC + 
KpnifH B3 C T G G TAT GT TT CT T G C AC + 
KpnifH C T G G TAT GT T E C c" T G C AC 
Fig. 5.1. cr54-dependent promoter regions of several nitrogen metabolism genes. The 
conserved -GG- and -GC- doublets at positions equivalent to -24 and -12 to the 
transcription start site of enteric glnA genes are blocked. NtrCa indicates whether 
these promoters are activated by NtrC-P04. Bold and double underlined letters 
indicate the C to T transitions constructed in the K. pneumoniae nifH promoter by Ow 
et al. (1985). Sequences are compiled from those identified by transcript mapping: 
glnA, sequences are identical for E.coli (Reitzer and Magasanik, 1985), 
S. typhimurium (Hirschman et al., 1985), and K. pneumoniae (Dixon, 1984); KpnifL, 
K. pneumoniae nifLA promoter (Drummond et al., 1983); RmnifH, R. meliloti nifl{ 
promoter (Sundaresan et al., 1983a); Kpnifl{, K. pneumoniae nifl{ promoter 
(Sundaresan et al., 1983a). The T. ferrooxidans nifl{ promoter (Tfnifl{) is putative. 
These "rules" have been tested most extensively in E.coli backgrounds. Expression 
from the R. meliloti nifl{ promoter, which contains T residues at all three positions 
between -17 and -15 (Fig. 5.1), was shown to be derepressed in the presence of an 
ntrC gene (Sundaresan et al., 1983b). Ow et al. (1985) used fusipns between the 
K. pneumoniae nifl{ gene and Lacz to study the effect of point mutations in the 
K. pneumoniae nifl{ promoter region. Three separate mutant promoters, which were 
the result of C to T transitions at positions -17 to -15 (Fig. 5.1), showed activation by 
NtrC-P04 as measured by increases in P-galactosidase activity in E. coli 
(Ow et al., 1985). 
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Moreover, Ray et al. (1990) have shown by transcript mapping both in vivo and in 
vitro that the K. pneumoniae nifll promoter mutant B3 (Fig. 5.1) required NtrC-P04 at 
high intracellular concentration for activation, while NtrC-P04 was unable to activate 
transcription at the K. pneumoniae nifll wildtype promoter. Provision of 
NtrC-binding sites upstream of a test promoter effectively increases the local 
concentration of NtrC-P04, and experiments where this was carried out resulted in 
levels of transcription from the nifll-B3 promoter equivalent to those obtained from 
the glnAp2 promoter; in contrast, the K. pneumoniae wild-type promoter with 
NtrC-binding sites upstream was weakly activated. Further evidence for the 
importance of the cr54-dependent promoter (Ecr54 binding site) in transcriptional 
activation was demonstrated by the inability of NtrC-P04 to direct transcription from 
the 0'70-dependent lac promoter provided with high affinity NtrC-binding sites 
(Ray et al., 1990). 
Morett and Buck (1989) have demonstrated, using in vivo footprinting, that Ecr54 
forms a NifA-independent closed promoter complex at two cr54-dependent promoters 
which have Ts between positions -17 and -15 (the R. meliloti nifll, and a mutant 
K. pneumoniae nifll promoter identical to B3 but with a further C to T transition at 
-16), but not at the K. pneumoniae nifll wildtype promoter. Taking the data of Ow 
et al. (1985), Ray et al. (1990), and Morett and Buck (1989) one may infer that 
NifA-independent NtrC-mediated activation occurs at promoters at which Ecr54 more 
readily forms a closed promoter complex. 
It is interesting to note that the B. japonicum nifll and nifDK promoters were not 
activated in E. coli by the K. pneumoniae NtrC-P04, but were activated by NifA 
(Alvarez-Morales and Hennecke, 1985). Both of these promoters contain G (purine) 
as well as T residues between positions -17 and -15, which may have resulted in a 
weak interaction with E. coli Ecr54 which was insufficient for NtrC-P04 from solution 
to catalyze the isomerization to open complexes. In contrast, the binding of NifA to 
the NifA-specific UAS's of these promoters (Alvarez-Morales and Hennecke, 1986) 
· may have increased the local concentration of NifA sufficiently to enable 
transcriptional activation. 
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The putative T.ferrooxidans niftl promoter has a T residue at the -15 position 
(Fig. 5 .1 ), and this · sequence is the same between positions -17 and -12 as the 
K. pneumoniae niftl-B2 mutant promoter, which showed some activation by 
NtrC-P04 (Ow et al., 1985). The surrounding nucleotides are also likely to play a 
role, however it seemed possible that the T. ferrooxidans niftl promoter may be 
activated by NtrC-P04 in an E. coli background. The availability of a translational 
fusion between the T.ferrooxidans niftl gene and lacZ (plllac, section 4.2.7) made 
this idea relatively easy to test. Experiments, aimed at the cloning of the 
T. ferrooxidans ntrC gene, which were based on NtrC-mediated activation of this 
fusion, are described in this chapter. 
117 
5.2 Materials and Methods 
5.2.1 Bacterial strains, plasmids, and media 
The strains and plasmids used in this study are described in Appendix A. E.coli cells 
were grown with LB medium (Appendix B) or with glucose minimal medium 
containing glucose at a concentration of 0,2% (w/v) (GMM - Appendix B) or 
2% (w/v) (GGMM) with additions as described in the·text. When required, antibiotics 
were added at the following concentrations: ampicillin, 100 µg/ml; tetracycline, 
15 µg/ml; chloramphenicol, 20 µg/ml. 
5.2.2 Preparation of DNA 
The alkaline lysis method (Bimboim and Doly, 1979; Ish-Horowicz and Burke, 1981} 
was used for both small- and large-scale plasmid preparations (Appendix C). 
Preparation of chromosomal DNA from T.ferrooxidans ATCC 33020 and the source 
of the T. ferrooxidans ATCC 33020 cosmid gene bank have been discussed in 
section 2.2.2. 
5.2.3 DNA manipulations 
Standard methods (Maniatis et al., 1982) were used for restriction digests, gel 
electrophoresis, purification of DNA fragments from agarose gels, ligations, and the 
filling in of 5' sticky ends (Appendix C). 
5.2.4 Plasmid constructions 
The construction of the T. ferrooxidans niftl-lacZ fusion plasmid, pHlac, has been 
described in section 4.2.7 (Fig. 4.2). The vector, pMC1403 (Casadaban et al., 1983), 
used to construct pHlac, and the vector, pHC79 (Hohn and Collins, 1980), used to 
construct the T. ferrooxidans cosmid bank, both contain replication functions and the 
ampicillin antibiotic marker derived from pBR322. It was therefore necessary to 
subclone the T.ferrooxidans niftl-lacZ fusion into a plasmid vector which was 
compatible with the pHC79-based cosmids. This was achieved by insertion of a 
8,4-kbp EcoRI-Sall fragment (containing the T.ferrooxidans niftl-lacZ fusion and the 
lacYA genes; Fig 4.2) from pHlac into the vector pACYC184 (Appendix F) digested 
with BamHI and Sall. After ligation of the Sall ends of each fragment, the EcoRI 
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sticky end upstream of the T. ferrooxidans nifH promoter region was filled-in with 
Klenow and ligated to the BamHI end (which was also filled-in with Klenow) within 
the tetracycline resistance gene of pACYC184 to produce pHlaclO. pHlaclO carried 
the chloramphenicol resistance marker and was compatible with ColEl-based 
plasmids. 
pHlaclO contained the promoter of the tetracycline resistance gene (tet promoter) 
from pACYC184 located upstream of the T.ferrooxidans nifll regulatory region and 
therefore transcripts could potentially originate from this -35, -10 region. 
Consequently, this region was deleted to check whether any spurious clones were 
detected as a result of increased ~-galactosidase activity due to activation of 
expression from this vector promoter region. This deletion was achieved by digestion 
of pHlaclO with Xbal (unique site upstream of the tet promoter) and with EcoRV 
(unique site downstream of the tet promoter). Klenow enzyme was added to fill-in the 
Xbal 5' overhang, followed by a recircularization ligation to produce pHlac20. 
Restriction enzyme analysis of pHlac20 revealed that the tet promoter had been 
removed (loss of a unique HindIII site within the tet promoter) but that a larger 
deletion than expected had occurred. A Sspl site immediately 5' to the Xbal site was 
intact indicating that the deletion extended in the other direction, ie. through the 
EcoRV site, removing approximately 200 bp of pACYC184 vector sequences and 
approximately 300 bp of T. ferrooxidans DNA which was at least 400 bp upstream of 
the T. f errooxidans nifll regulatory region and therefore not thought to be necessary 
for expression from the T. ferrooxidans nifll promoter. 
pK70 was constructed by insertion of a HindIII fragment from pFB514 which 
contains the K. pneumoniae glnAntrBC genes (de Bruijn and Ausubel, 1981) into the 
HindIII site of pHC79. The orientation of the insert placed the 5' end of the 
K. pneumoniae glnA gene closest to the EcoRV site within the vector. 
5.2.5 Screening for the T. ferrooxidans ntrC gene by complementation of an 
E.coli ntrC mutant for Ntr function 
The T. ferrooxidans ATCC 33020 pHC79 cosmid library was transduced into the 
E. coli ntrC mutant ET8556 as described in Appendix C. The expression mixes were 
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washed in 0,8% NaCl before plating on GMM containing 0,2% arginine with 
antibiotic selection. As a positive control, the plasmid p804 carrying the E.coli ntrBC 
genes was transformed into E.coli ET8556 and plated onto the test medium. A 
proportion of each washed transduction expression mix was plated onto LBA + Ap 
plates to determine the number of transductants. Growth was scored after incubation 
for 24 - 48 h at 300C. 
5.2.6 P-Galactosidase assays 
P-Galactosidase activity of the E. coli cultures was determined as described m 
section 4.2.4. 
5.2.6.1 Growth conditions for P-galactosidase assays to test the expression from 
the T.ferrooxidans nifll promoter in an E.coli ntrC mutant strain. E.coli cells 
containing the nifll-lacZ fusion plasmid, plllac, were grown in a preculture of GMM 
containing 15 mM glutamine and 0,2% (NH4)iS04 (w/v) (nitrogen rich medium) for 
20 h at 37°C under aerobic conditions. This preculture was washed in 0,8% saline 
and the optical density at 600 nm (OD600) was measured to enable inoculation of a 
sample of the washed pre-culture into the assay culture media to ensure a starting 
OD600 of 0,05 units which was constant for each E. coli strain. The assay culture 
medium for E. coli (plllac) strains was as described by Tuli et al. (1982): 
GMM supplemented with 0,15 mM glutamine and 15 mM glutamate (nitrogen poor 
medium). Appropriate antibiotic selection was provided at all times. These cultures 
were grown under aerobic conditions at 37°C, and P-galactosidase assays were carried 
out after 10 hand 20 h growth. No substantial differences in levels of P-galactosidase 
activity were obtained at these two points of the growth curve for each culture. 
5.2.6.2 Growth conditions for p-galactosidase assays to measure expression from 
the T. f errooxidans nifll promoter in the presence of the cloned T. f errooxidans 
ntrC gene. Growth conditions were altered from those described in section 5.2.6.1 to 
match the rich and poor nitrogen sources provided in the solid media used to screen 
for the T. ferrooxidans ntrC gene. E. coli cells were grown in pre-culture as described 
in section 5.2.6.1, washed, and inoculated at a starting OD600 of 0,2 units into the 
assay culture media. The nitrogen rich medium consisted of GMM supplemented 
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with 0,2% glutamine (w/v), 0,2% (NH4)iS04 (w/v), 0.2% casamino acids (w/v), and 
0,2% yeast extract (w/v); the nitrogen poor medium consisted of GMM supplemented 
with 0,02% glutamine (w/v), 0,02% casamino acids (w/v), and 0,02% yeast extract 
(w/v). Appropriate antibiotic selection was provided at all times. The cultures were 
grown in these media for 10 h before determination of the p-galactosidase activity. 
5.2.7 Methods used for the identification of the T.ferrooxidans ntrC gene 
5.2.7.1 Development of a screening technique for NtrC-mediated activation of 
the T.ferrooxidans nifll-lacZ fusion in E.coli. An agar plate medium was 
developed whereby it was possible to distinguish between single colonies of E.coli 
(pHlaclO) cells which exhibited a low level of expression of the T.ferrooxidans 
nijH-lacZ fusion (ie. in the absence of an ntrC gene) and those that produced a high 
level of expression of the T. ferrooxidans nijH-lacZ fusion (ie. in the presence of an 
ntrC gene). This medium had to fulfil two main criteria: (i) it had to provide enough 
nitrogen for growth, but at a ~ow enough level to ensure that the NtrC protein was 
predominantly in its activator form; and (ii) it had to provide a visual means whereby 
it was possible to detect those colonies of E.coli cells which displayed an increase in 
P-galactosidase activity above the basal levels produced in the absence of an ntrC 
gene. E. coli ntrC mutant ET8556 (pHlaclO) cells were used as a control for cells 
with low P-galactosidase activity, while E. coli ntrC+ YMClO (pHlaclO) and· 
E. coli ET8556 (pHlaclO, pK70) cells were used as controls which had increased 
P-galactosidase activity for the testing of a variety of media. 
Several media were tried before a successful medium was developed. 
Mackonkey/lactose medium (Difeo) contained too high a concentration of undefined 
nitrogen sources to be workable, and the phosphate buffer within lactose minimal 
medium containing pH indicator dyes such as bromophenol purple or neutral red had 
too great a buffering capacity for the detection of differences m 
organic acid production. The inclusion of the chromogenic dye 
5-bromo-4-chloro-3-indolyl-P-D-galactopyranoside (X-gal) into GMM proved to be 
too sensitive for detecting differences in P-galactosidase activities. The optimal 
method, which was chosen for subsequent experiments, was growth of the E. coli 
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colonies on GGMM supplemented with 0,02% casamino acids (w/v), and 0,02% yeast 
extract (w/v) (GGMMLN medium) containing 16 g/1 agar (GGMMLN16 plates) for 
48 hat 37°C after which each plate was flooded with 2 ml of ONPG (4 mg/ml; w/v). 
The high concentration of glucose was required for the growth of E.coli strains into 
visible colonies from a single cell. E. coli YMClO (pIIlaclO) or ET8556 (pIIlaclO, 
pK70) cells (showing high levels of ~-galactosidase activity) were detected as 
colonies which turned a bright yellow colour within 5 - 15 min. E. coli ET8556 
(pIIlaclO) cells were visible as dull brown colonies after flooding with ONPG. 
Increase of the agar concentration from the usual 15 g/1 to 16 g/1 ensured that the 
colonies were more tightly attached to the medium surface and did not float off during 
flooding with ONPG. It was also found that incubation of the plates at 4°C for a few 
hours prior to ONPG flooding decreased the likelihood of colonies becoming 
dislodged. Differences in yellow staining intensity of colonies were discerned more 
clearly if plates were viewed on a light box after ONPG flooding (see Fig. 5.2 for an 
illustration of the technique). 
5.2.7.2 Screening for the T.fe"ooxidans ntrC gene by testing for NtrC-mediated 
activation of the T. f errooxidans nifll-lacZ fusion in E. coli. The T. f errooxidans 
ATCC 33020 pHC79 cosmid library was transduced into the E.coli ntrC mutant 
ET8556 cells containing the T.ferrooxidans nifH-/acZ fusion on the plasmid pIIlaclO. 
Transductants were plated onto GGMMLN16 plates with antibiotic selection and 
incubated aerobically for 48 h at 37oC. Colonies which exhibited an increased level 
of ~-galactosidase activity were selected as those that formed yellow colonies 
5 - 15 min after flooding · with ONPG as described in section 5.2.7.1. Positive 
colonies were picked off with a sterile toothpick and purified by repeated streaking 
onto fresh LBA + Ap + Cm plates. 
Each putative positive clone was tested further by toothpicking several individual 
colonies onto GMM containing 16 g/1 agar, supplemented with either 
(i) 0,02% casamino acids (w/v) and 0,02% yeast extract (w/v) (GMMLN16 plates); or 
(ii) 0,2% (NH4)iS04 (w/v), 0,2% glutamine (w/v), 0,2% casamino acids (w/v), and 
0,2% yeast extract (w/v)(GMMHN16 plates). Since several thousand cells are 
transferred at the point of a toothpick, a glucose concentration of 0,2% (w/v) was 
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sufficient for E.coli strains to form visible colonies after toothpicking onto these 
media. GMMLN16 plates were incubated for 48 hat 37°C before ONPG flooding, 
while GMMHN16 plates were incubated for 10 hat 37°C before ONPG flooding. An 
additional control E. coli strain used on the GMMHNl 6 plates was the lac+ strain 
CSH36 (pHC79, pACYC184), which produced P-galactosidase activity which was 
not repressed by high levels of nitrogen. Cosmid clone DNA was purified from 
pHlaclO plasmid DNA by transformation into E.coli ET8556 cells and selection on 
LBA + Ap plates. Plasmid DNA was prepared from these transformants, and 
restriction enzyme analysis enabled choice of strains that had lost the plasmid 
pHlaclO. 
5.2.8 Subcloning of the cosmid pTlOl 
Samples of pTlOl were digested with either of the restriction enzymes HindIII or 
Bglll and these were ligated to samples of the vector pEcoR252 digested with Hindlll 
or Bgffi, respectively. The ligation mixes were transformed into ET8556 (pHlaclO) 
cells, and transformants were screened for P-galactosidase activity above basal levels 
as described in section 5.2.7.1. The smallest active subclone from these experiments, 
pTl 10, was chosen for further studies (Fig. 5.3). A 5,2-kbp Hindlll-Kpnl fragment 
from pTl 10 was subcloned into the HindIII, Kpnl sites of the vector Bluescript SK to 
produce pT120. pT125 was constructed by deletion of a 2-kbp Bamm fragment from 
pT120 (from the insert Bamm site to the Bamm within the vector 
multiple-cloning-site). A 2,4-kbp Hindlll-Clal fragment from pT120 was cloned into 
the HindIII, Clal sites of Bluescript SK to produce pT127. 
5.2.9 Nucleotide sequencing 
Nucleotide sequencing of the subclones pT125 and pT127 was carried out as 
described in section 3.2.8 and Appendix C. Nucleotide sequence data was analyzed 
with a VAX computer using the UWGCG sequence analysis package version 6.1 
(Devereux, 1984) and associated databases. 
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5.3 Results 
5.3.1 Attempt to clone the T. ferrooxidans ntrC by complementation of an E. coli 
ntrC mutant for Ntr function 
The T.ferrooxidans cosmid bank was transduced into the E.coli ntrC mutant ET8556 
and transductants were plated onto GMM containing arginine as a sole nitrogen 
source. Plating of a proportion of the transductants on LBA + Ap demonstrated that 
approximately 2500 transductants were screened on the minimal medium. ET8556 
(p804) cells grew as large colonies on the GMM (+ arginine). No positive clones 
were identified out of the ET8556 cells transduced with the T. ferrooxidans cosmid 
bank. 
5.3.2 Expression of the T.ferrooxidans nifll-lacZ fusion in the presence and 
absence of the E. coli and K. pneumoniae ntrC genes 
Experiments were carried out to test whether there was an increase in expression from 
the T:ferrooxidans nifll promoter in the presence of a cloned ntrC gene in E.coli. 
E. coli ET8556 ntrC mutant cells containing the T. ferrooxidans nifll-/acZ fusion 
plasmid, plllac, produced low basal levels of J3-galactosidase activity when grown in 
nitrogen-limiting conditions (Table 5.1). In contrast, E.coli YMClO ntrC+ (plllac) 
cells displayed 150-fold greater levels of J3-galactosidase activity (Table 5.1). The . 
presence of the K. pneumoniae ntrC gene was able to partially suppress the mutation 
in the E.coli ntrC gene: ET8556 (plllac, pFB514) cells produced levels of 
J3-galactosidase activity 60-fold greater than obtained from ET8556 (plllac) cells 
(Table 5.1). These results formed the rationale behind the strategy to isolate the 
T. ferrooxidans ntrC gene by activation of expression of the T. ferrooxidans nifH-lacZ 
fusion. 
Table 5.1. Expression of the T. ferrooxidans nift{-lacZ fusion m 
E.coli in the presence and absence of ntrC genes. 
Straina Relevant genotypeb ~-galactosidase activity 
(Miller units) 
ET8556(pHlac) ntrC 214 
Tfnift{-lacZ 
YMClO(pHlac) EcntrC+ 32024 
Tfnift{-lacZ 
ET8556(pHlac) KpntrC+ 13 326 
(pFB514) Tfnift{-lacZ 
a Strains were grown aerobically in nitrogen-limiting conditions as 
described in the text (section 5.2.6.1). 
b Tf, T.ferrooxidans; Ee, E.coli; Kp, K. pneumoniae. 
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5.3.3 Cloning of the T. f errooxidans ntrC gene by activation of expression of a 
T. f errooxidans nifll-lacZ fusion in E. coli 
The T. ferrooxidans cosmid bank was transduced into the E. coli ntrC mutant ET8556 
containing the T.ferrooxidans nift{-lacZ fusion plasmid pHlaclO. Transductants 
(1800) were screened for an increase in ~-galactosidase activity by the ONPG 
flooding technique after growth on GGMMLN16 plates. Six positive clones were 
identified and purified. Cosmid DNA was extracted from cultures of each clone, 
purified from pHlaclO DNA, and transformed into E.coli ET8556 (pHlaclO) cells. 
These transformants were retested for increased levels of ~-galactosidase activity by 
toothpicking onto GMMLN16 plates. It was shown that this activity was repressed 
when the transformants were toothpicked onto GMMHN16 plates, which contained a 
high concentration of nitrogen. Restriction enzyme fragments common to the purified 
cosmid clones were observed. One clone, pTlOl, was chosen for further analysis. 
The difference in yellow staining intensity after growth on GMMLN16 plates and 
ONPG flooding between ET8556(pT101, pHlaclO) and ET8556(pHC79, pHlaclO) 
cells can be seen on Fig. 5 .2. 
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Fig. 5.2. Illustration of the screening technique for the T. ferrooxidans ntrC gene. 
Cells were toothpicked onto a GMMLN16 plate and grown for 48 h at 37°C before 
flooding with ONPG. Strains: (T), ET8556(pT101, plilaclO) 
(-), ET8556(pHC79, plilaclO) 
(+), YMCIO(pHC79, plilaclO). 
5.3.4 Subcloning of the cosmid clone pTlOl to localize the T. ferrooxidans ntrC 
gene 
Subcloning of Bglll digestion fragments from pTIOl into the positive selection vector 
pEcoR252 yielded no clones which produced an increase in expression from the 
T. ferrooxidans niftl-lacZ fusion, however some positive clones were identified from 
the HindITI subcloning (section 5.2.8). All of these subclones contained a common 
13,5-kbp HindIII fragment, and one subclone, pTllO, contained only this fragment 
and the vector pEcoR252 3,4-kbp HindITI fragment. pTl 10 was used to localize the 
T.ferrooxidans ntrC gene. A restriction map of pTl 10 was constructed (Fig. 5.3). A 
5,2-kbp HindIII-Kpnl fragment from pTl 10 was cloned into Bluescript SK to produce 
pT120 (Fig. 5.3), and this construct was shown to contain the coding sequences 
necessary for increased ~-galactosidase activity from the T.ferrooxidans niftl-lacZ 
fusion. ET8556(pHlaclO) cells containing either pT125 or pT127 (Fig. 5.3) tested 
negative after growth on GMMLN16 plates and ONPG flooding. pT125 and pT127 













































































































































































































































































































































































































































































































































































































































































5.3.5 Nucleotide sequence of a section of the T. f e"ooridans ntrC gene. 
The nucleotide sequence of the 486 bp Clal-BamHI T.ferrooxidans DNA fragment 
(Fig. 5.3) is shown in Fig. 5.4. 
ATCGATGACGACCCTTCCATTCGCTGGGTTTTGGAGAAGGCGTTGACTCAGGCCGATATCCTGGTG 66 
I D D D P S I R W V L E K A L T Q A D I L V 
CGCACGTTTGCAGACGCCGACAGCGCGCTGCGGGCCTTGGGGCGTGACAGGCCAGGGGCCGTTGTC 132 
R T F A D A D S A L R A L G R D R P G A V V 
ACCGATCTGCGTATGCCCGGCCTGGACGGATTGGCGTTTCTGCGCGAAGTTCAGTCGCGCTGGCCA 198 
T D L R M P G L D G L A F L R E V Q S R W P 
AAACTGCCGGTGATCGTGATGACGGCGCACTCTGATCTCGACAATGCCGTCGCCGCTTTTCAAAGT 264 
K L P V I V M T A H S D L D N A V A A F Q S 
GGGGCCTTTGAGTATCTGCCCAAGCCGTTTGACATGGACGAGGCGGTTACGCTGGTGCAGCGCGCC 330 
G A F E Y L P K P F D M D E A V T L V Q R A 
CTCGGCAGCCGGGCTGGACCGGGCGCGGCGGGTGTGGAGGAGAGCGATCCGGCGGAAATGATCGGT 396 . 
L G S R A G P G A A G V E E S D P A E M I G 
GAGGCTCCGGCCATGCAAGAGGTGTTTCGTGCCATCGGGCGTCTGTCGCGCTCACAGATCAATGTG 462 
E A P A M Q E V F R A I G R L S R S Q I N V 
CTGATTACCGGCGAATCGGGATCC 486 
L I T G E S G S 
Fig. 5.4. Nucleotide sequence of the 486 bp Clal-BamHI DNA fragment which forms 
part of the T.ferrooxidans ntrC gene, with the predicted amino acid sequence of the 
corresponding region of the T.ferrooxidans NtrC protein. Nucleotides are numbered 
from the first base of the Clal site. 
These data were obtained from nucleotide sequencing of (i) pT125 with the reverse 
primer across the BamHI site into the T.ferrooxidans insert; and (ii) pT127 with the 
forward primer across the Clal site into the T.ferrooxidans insert (Fig. 5.3). Some 
sequence overlap was obtained in the middle, however these data represent sequence 
obtained from a single strand only. Consequently, a comprehensive sequencing 
project is necessary to obtain the sequence data with 100% accuracy. Nevertheless, 
the data obtained confirmed that the strategy for cloning the T. f errooxidans ntrC gene 
had been successful. A search of the Genbank (Release 62) database using the 
UWGCG FASTA program revealed that this T.ferrooxidans DNA fragment showed 
sequence identity to a region situated within ntrC genes from several bacteria, 
including K. pneumoniae, E. coli, A. tumefaciens, and R. meliloti. 
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DNA-DNA alignments using the UWGCG GAP program showed that this 486 bp 
Clal-BamHI T.ferrooxidans DNA fragment had 62, 60, 54, 51, 51, and 51 % identity 
with the 5' end region of ntrC genes from E.coli, K. pneumoniae, Bradyrhizobium sp. 
[Parasponia], A. tumefaciens, R. meliloti, and R. capsulatus (nifR.l), respectively. 
These data indicated that this fragment was situated within the T.ferrooxidans ntrC 
gene. A reading frame (RF) without any stop codons was identified in frame 1, and 
the predicted translation product of this RF is shown in Fig. 5.4. 
5~3.6 Amino acid sequence alignment studies of the predicted product of a 
section of the T. ferrooxidans ntrC gene and NtrC proteins from other bacteria 
The deduced aa sequence of the T. ferrooxidans ntrC RF was aligned with the 
K. pneumoniae (Buikema et al. 1985) and E.coli (Miranda-Rios et al., 1987) ntrC 
gene products using the UWGCG GAP program (Fig. 5.5). 
Tf < I D D D P S I R WV L E KALT Q~DWL V R~F AD 27 
Kp M QR GI AW IV DD D S SIR WV LERA LT GAG LS CT T FE S 35 
Ee M QR GI V WV VD DDS SIR WV LERA LAG AGL TC TT FEN 35 
Tf ~ D S A~R~L G R D RrnG A V V T D L R M P G L D G L A F L R E V Q 63 
Kp NEV L DALT T KT PD V LL SD IR MPG MD G LALL K QI K 70 
Ee A EV LE AL ASK T PD V LL SD IR MPG MD G LALL K QI K 70 
Tf SrnWrnK L • V I V" TA H s D L D N
1
A VIA A~Q s G A F E y L p K p 98 
Kp QR HP ML P VI IM TA HS D L DA AV SAY Q Q GAF DYL PK P 105 
Ee QR HP ML P VI IM TA HS D L DA AV SAY Q Q GAF DYL PK P 105 
Tf F D M D E A V T[]V Q R A L G S - - R A G P G A A G V E E S D P A E M 130 
Kp FD IDE AV AL VD RAIS HYO E Q Q QPR NAP INS PT AD I 140 
Ee FD IDE AV ALVERA IS HY Q E Q Q QPR NV Q LNG PTT DI 140 
Tf [] E A P A M Q E V F R A I G R L S R S Q rn N V L I T G E S G S > 16 2 
Kp EA PAM Q D VF RI I GR LS RS SIS V LING ES GT> 173 
Ee K - PAM Q D VF RI I GR LS RS SIS V LING ES GT> 172 
Fig. 5.5. Alignment of the deduced amino acid sequence of a region of the 
T.ferrooxidans NtrC with the N-terminal region of NtrC proteins from 
K. pneumoniae and E. coli. Amino acids are identified by the single fetter code, and 
conserved regions (see Appendix E for scheme of conservative substitutions) are 
boxed. Numerals refer to aa positions in each protein. Tf, T. ferrooxidans NtrC; 
Kp, K. pneumoniae NtrC; Ee, E. coli NtrC. 
129 
There was extensive aa similarity throughout the entire T. ferrooxidans ntrC RF 
predicted product and the region towards the N-terminus of both the K. pneumoniae 
and E. coli NtrC proteins. These results provided evidence that the T. ferrooxidans 
ntrC RF encoded 162 aa of the N-terminal region of the T.ferrooxidans NtrC protein 
(starting about 10 aa from the N-terminus of the primary aa sequence, assuming that 
the T.ferrooxidans NtrC is similar to enteric NtrC proteins at the N-terminal end). 
Amino acid alignments using the UWGCG GAP program, showed that this region of 
the T.ferrooxidans NtrC protein had 76, 72, 65, 64, 62, and 61 % similarity with the 
N-terminal 200 aa of NtrC proteins from K. pneumoniae, E.coli, Bradyrhizobium sp. 
[Parasponia], A. tumefaciens, R. meliloti, and the NitRl protein from R. capsulatus, 
respectively. 
5.3.7 Expression of the T.fe"ooxidans nifll-lacZ fusion. in the presence of the 
cloned T. f e"ooxidans ntrC gene 
P-galactosidase assays of E. coli cells grown in liquid culture were carried out to 
I 
provide quantitative measurements of the differences in yellow staining intensity of 
cells previously obtained by the ONPG flooding technique. Cells were assayed after 
growth in nitrogen-limiting and nitrogen-rich media to investigate whether expression 
of the T.ferrooxidans nijH-lacZ fusion was affected by levels of available nitrogen, a 
characteristic of genes that are regulated by the Ntr system in enteric bacteria. 
Low basal levels of P-galactosidase activity were obtained from ET8556(plllac20, 
pHC79) cells grown with high or low levels of nitrogen (Row 1; Table 5.2). 
ET8556(plllac20, pTlOl) cells, which contained the T.ferrooxidans ntrC gene on the 
cosmid insert in the vector pHC79, produced levels of p-galactosidase activity which 
were 3-fold greater than the basal levels obtained from ET8556(plllac20, pHC79) 
cells when both strains were grown under nitrogen-limiting conditions (Rows 1 and 2; 
Table 5.2). ET8556(plllac20, pTlOl) cells showed a 2-fold repression of 
P-galactosidase activity when grown in the nitrogen-rich medium (Row 2; Table 5.2). 
ET8556(plllac20, pT120) and ET8556(pHlaclO, pT120) cells, which contained the 
cloned T. ferrooxidans ntrC gene on the vector Bluescript SK, produced levels of 
P-galactosidase activity 3- to 5-fold greater than the basal levels obtained from 
ET8556(plllac20, Bluescript SK) cells when grown in nitrogen-limiting medium 
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(compare rows 3 and 4 with row 5; Table 5.2). However, these high levels of 
expression were repressed when the cells were grown in nitrogen-rich medium (Rows 
3 and 4; Table 5.2). These results also showed that removal of the vector tet promoter 
from pHlaclO to produce pHlac20 did not affect the pattern of expression of the 
T.ferrooxidans niftl-lacZ fusion in the presence of the T.ferrooxidans ntrc · gene. 
NtrC+ strains YMC10(pHlac20, pHC79) and ET8556(pHlac20, pK70) showed similar 
patterns of ~-galactosidase activity in response to · nitrogen sources in the media 
(Rows 6 and 7; Table 5.2). E.coli CSH36(pACYC184, pHC79) cells, which 
contained a constitutively expressed chromosomal lacZ gene, displayed high levels of 
~-galactosidase activity in both nitrogen-rich and -poor media (Row 8; Table 5.2). 
Table 5.2. Expression of the T.ferrooxidans niftl-lacZ fusion in the presence 
of the cloned T. ferrooxidans ntrC gene in E. coli. 
Strain Relevant genotype ~-galactosidase activity 
(Miller units) 
LN HN 
1 ET8556(pHlac20, pHC79) ntrC 312 266 
Tfn.iftl-lacZ 
2 ET8556(pHlac20, pTlOl) Tfn.trC+ 1 048 553 
Tfn.iftl-lacZ 
3 ET8556(pHlac20, pT120) Tfn.trC+ 2035 483 
Tfn.iftl-lacZ 
4 ET8556(pHlaclO, pT120) Tfn.trC+ 3 337 224 
Tfniftl-lacZ 
5 ET8556(pHlac20, B-SK) ntrC 654 413 
Tfniftl-lacZ 
6 YMC10(pHlac20, pHC79) EcntrC+ 7 634 464 
Tfniftl-lacZ 
7 ET8556(pHlac20, pK70) KpntrC+ 2182 452 
Tfniftl-lacZ 
8 CSH36(pACYC184, pHC79) Eclacz+ 2 620 14 568 
a Strains were grown in GMM supplemented with either a low (LN) or high 
(HN) concentration of nitrogen sources as described in section 5.2.6.2. 
b Tf, T.ferrooxidans; Ee, E.coli; Kp, K. pneumoniae; B-SK, Bluescript SK. 
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5.3.8 Southern hybridization of pT120 against T.fe"ooxidans chromosomal 
DNA 
Pstl fragments (3,6- and 0,5-kbp), and a 3,2-kbp Saeli fragment - all of which are 
internal to the insert on pT120 - hybridized to T.ferrooxidans chromosomal DNA 
restriction digest fragments of the same size (results not shown). These results 
correlated with the restriction map of pT120 shown on Fig. 5.3, and confirmed that 




The K. pneumoniae niftl promoter is not activated by NtrC-P04 in K. pneumoniae 
(Merrick, 1983). This is consistent with the two-tiered model of regulation of the 
nif genes in K. pneumoniae, in which NtrC is responsible for regulation at the first 
level only, ie. expression from pnift.A (section 1.3.2.3). The unresponsiveness of the 
niftl promoter (as well as other nif promoters) to NtrC-P04 prevents expression of this 
system under inappropriate circumstances, such as in aerobic nitrogen~limiting 
conditions. Although the K. pneumoniae niftl promoter is also not activated by 
NtrC-P04 (even at high concentration) in an E.coli background, the expression of 
niftl genes from other bacteria cloned in E. coli may not necessarily mimic that in the 
original host organism. 
The T. ferrooxidans niftl regulatory reg10n contains two canonical NifA UAS's, 
which indicates that a NifA-like protein is likely to function as the activator of this 
gene in T. ferrooxidans (Pretorius et al., 1987). However, a T. ferrooxidans niftl-lacZ 
fusion was activated in the presence of a ntrC gene in E.coli. This phenomenon 
formed the basis of a method which was used successfully to isolate the 
T. ferrooxidans ntrC gene. Evidence that the T. ferrooxidans ntrC gene had been 
cloned was obtained from nucleotide sequence data, and from ~-galactosidase assays 
which showed that expression from the T.ferrooxidans niftl-lacZ fusion was 
regulated in response to nitrogen supply in the presence of the T. ferrooxidans ntrC 
gene. Activation of the T. ferrooxidans niftl promoter by NtrC in E. coli may have 
been the result of (i) the high concentration of NtrC expressed from an ntrC gene 
carried on a high copy-number plasmid, and (ii) the positions of certain bases within 
the Ecr54-binding site of the T.ferrooxidans niftl promoter which enabled activation 
by NtrC. Alternatively, sequences which are similar to NtrC-binding sites in the 
region upstream of the T. ferrooxidans niftl promoter may have resulted in some 
increase in the lo.cal concentration of NtrC. Examination of the nucleotide sequence 
data upstream of the T. ferrooxidans niftl putative promoter (300 bp; Pretorius 
et al., 1987; unpublished data) revealed sequences which showed identity to the 
consensus half-sites of NtrC-binding sites (results not shown). Reitzer et al. (1989) 
have provided evidence that NtrC-P04 binds weakly to a partial NtrC-binding site. 
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These factors may be artifactual and limited to the E.coli system used. However, 
they provided a convenient method to screen for the T. ferrooxidans ntrC gene. 
This method involved a plate assay whereby large numbers of recombinant clones 
could be screened for increased expression of p-galactosidase activity from the 
T.ferrooxidans niftl-lacZ fusion plasmid in the E.coli ntrC strain ET8556. The 
medium used contained a low concentration of nitrogen, and positive clones which 
exhibited an elevated level of P-galactosidase activity where detected by flooding of 
the colonies with ONPG. This simple colourimetric assay has potential for broader 
use in the isolation of genes encoding transcriptional regulators - both positive and 
negative - provided a translational fusion between the target gene and lacZ is available 
(reviewed in Silhavy and Beckwith, 1985). Screening of recombinant genomic . 
genebanks by colony hybridization with a heterologous DNA probe often requires 
careful fine-tuning to achieve a workable signal-noise ratio (Maniatis et al., 1982). 
The use of a biological technique, such as complementation, which also does not 
require the use of radioactivity, is therefore preferable. 
The screening technique developed in this study was tried since another selection 
method - growth on arginine as a sole nitrogen source - for identifying clones that 
were able to complement an E. coli ntrC mutant was unsuccessful when applied to the 
T.ferrooxidans gene bank. The reason for this became apparent once the 
T. ferrooxidans ntrC gene had been cloned. 
E. coli ntrC ET8556 cells, containing several subclones of the T. ferrooxidans ntrC 
gene carried on different plasmid vectors, were tested for growth on agar plates 
containing GMM + 0,2% arginine (w/v) (results not shown). YMC10(pHC79), 
YMClO(Bluescript SK), ET8556(pK70), or ET8556(p804) cells (which contained 
either the E.coli or K. pneumoniae ntrC gene) formed large colonies on this medium. 
ET8556(pHC79), ET8556(Bluescript SK), ET8556(pT125), ET8556(pT127), 
ET8556(pT101), or ET8556(pT110) cells did not grow. ET8556(pT120) cells did, 
however, form small colonies after 72 h of incubation at 300C. 
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The T.ferrooxida.ns NtrC protein may have been present at a high enough 
concentration to activate the E. coli arginine utilization operon in ET8556(pT120) 
cells because the T.ferrooxidans ntrC gene was expressed from the high copy-number 
Bluescript SK vector. pTlOl and pTllO were constructed from the plasmid vectors 
pHC79 and _pEcoR252, respectively, which replicate at a lower copy-number. The 
plasmid copy number may have been too low to raise the concentration of the active 
T.ferrooxida.ns NtrC protein within the ET8556(pT101) or ET8556(pT110) cells to 
enable the cells to grow on arginine as a sole nitrogen source. Adjacent vector 
promoters are oriented in the opposite direction to the T. f errooxida.ns ntrC gene in 
pTllO and pT120 (Fig. 5.2), so transcriptional readthrough from these promoters is 
not responsible for differential levels of the T. ferrooxida.ns NtrC. The orientation of 
the T.ferrooxida.ns ntrC gene in the cosmid clone pTlOl is not known. These results 
are consistent with the inability to clone the T. ferrooxida.ns _ntrC gene by screening 
the T.ferrooxida.ns cosmid gene bank (vector pHC79) in E.coli ET8556 cells using 
growth on arginine as a selection method (section 5.3.1). E.coli ET8556 cells 
containing the A. tumefaciens ntrC gene (pBR325 vector) grew well when provided 
with arginine as a sole nitrogen source (Wardhan et al., 1989), however a separate 
isolate of the same gene in a different (lower copy-number) vector, pACYC184, 
appeared unable to confer upon E. coli YMCl 7 (ntrC::Tn5) cells the ability to grow 
on minimal medium containing arginine (Rossbach et al., 1987). 
The predicted aa sequence of the section of the T.ferrooxida.ns NtrC obtained in this 
study covers the N-terminal domain which is highly conserved in NtrC proteins. 
These results suggested that the regulation of activity of the T. ferrooxida.ns NtrC may 
match that shown for other NtrC proteins, ie. the involvement of phosphorylation by 
an NtrB protein in response to levels of available nitrogen. E.coli ET8556 contains a 
point mutation in the ntrC gene, but the ntrB gene is intact. An explanation for the 
regulation of expression of the T.ferrooxida.ns nifH-lacZ in ET8556(pHlac20, pT120) 
cells in response to nitrogen levels may . be modulation of the activity of the 
T.ferrooxida.ns NtrC by the E.coli NtrB. Alternatively, the T.ferrooxida.ns ntrC gene 
may be linked to an ntrB gene, the product of which may ha:ve fulfilled this function. 
Nucleotide sequence analysis of the region adjacent to the T. ferrooxida.ns ntrC on the 
plasmid pT120 should resolve this question. 
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Further evidence that the T. ferrooxidans NtrC comprises the RR element of a Ntr 
regulatory system from this organism is revealed by aa sequence comparisons with 
the N-terminal 100 aa of RR's which have been identified as involved in signal 
transduction in various processes in prokaryotes (reviewed in Stock et al., 1989b; 
section 1.5). The NtrC and Che Y proteins from enteric bacteria are two representative 
RR's which have been studied in most detail. Both proteins have been shown to be 
converted to an activator form by phosphorylation within the N-terminal domain 
mediated by a specific HPK (NtrB for NtrC; CheA for CheY)(Stock et al., 1988a; 
Weiss and Magasanik, 1988). 
S. typhimurium CheY is 129 aa m size, and therefore the whole protein is the 
equivalent of the N-terminal domain of other RR's, including NtrC. The 
three-dimensional structure of the S. typhimurium CheY has been solved to 0.27 nm 
resolution (Stock et al., 1989a, 1990). A structural model is particularly useful in 
assigning functional significance to aa residues which may be conserved in members 
of a superfamily of proteins (eg. 25 RR's compared by Stock et al., 1989b). The 
positions of aa residues, conserved within the N-terminal domain of these 25 RR's, 
were identified within the 3-dimensional structure of the Che Y protein (Stock 
et al., 1989b, 1990). These conserved residues were also found in the predicted aa 
sequence of the front end of the T.ferrooxidans NtrC (Fig. 5.6). This discussion has 
been included to provide further evidence that this sequence represents part of the 
T. ferrooxidans NtrC. 
Che Y is composed of a central core of five parallel J3-strands surrounded by five 
a-helices (Fig. 5.7). Part of the hydrophobic core consists of three internal J3-strands 
(J31, J33, and f34 - Fig. 5.6), which are characterized by clusters of hydrophobic 
residues. The sequence corresponding to the J31 strand is N-terminal to the aa 
sequence obtained for the T. ferrooxidans NtrC, however the clusters of hydrophobic 
residues corresponding to J33 and J34 are conserved in the T. ferrooxidans and 
Bradyrhizobium sp. [Parasponia] NtrC proteins (Fig. 5.6). Moreover, 
characteristically spaced hydrophobic residues, which correspond to the internal faces 
of amphipathic a-helices that flank the J3-sheet, are conserved in the NtrC proteins 
(Fig. 5.6). 
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MADKELKFLW 00 DFSTMRRIVRNLLKELGFNNVEEAEDGVDALNKLQAGGFGFIIS 00 WNMPNMDG 
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Fig. 5.6. Amino acid sequence alignment of part of the N-terminal region of the 
T.ferrooxidans NtrC with the S. typhimurium CheY and the N-termirial domain of the 
Bradyrhizobium sp. [Parasponia] NtrC. The secondary structure of CheY is 
represented with symbols which correlate to those structural elements shown in 
Fig. 5.7: arrows represent ~-strands, cylinders represent a-helices, and lines represent 
loop regions (taken from Stock et al., 1989b). Conserved hydrophobic residues are 
shown as double underlined bold-face letters; the three residues which are highly 
conserved amongst RR's are boxed. · 
/ 
Fig. 5.7. Tertiary structure of the S. typhimurium CheY protein. Filled arrows 
represent the five-stranded parallel ~-sheet (~-strands 1-5 on Fig. 5.6). The five outer 
a-helices are labelled A-E (a-helices A-E on Fig. 5.6). The three residues situated 
near the C-terminal edge of the ~-sheet, which are highly conserved in corresponding 
positions of RR's, are indicated: Asp-13 (Dl), Asp-57 (D2), Lys-109 (K) (taken from 
Stock et al., 1989b). 
137 
Of functional significance is the 100% conservation of two Asp and one Lys residue 
amongst at least 25 RR's (including the T. ferrooxidans NtrC - Fig. 5.6). These 
residues are clustered at the edge of the P-sheet in the Che Y protein - a position which 
is likely to be the active site for interaction with the HPK (Fig. 5.6, 5.7). Asp-57 of 
Che Y has been shown to be a site of phosphorylation, and mutations at this position 
abolish chemotaxis (Sanders et al. , 1989). A common phosphotransfer enzymology 
amongst RR's has been suggested since NtrC has been shown to be phosphorylated at 
an Asp residue (Weiss and Magasanik, 1988). 
It is interesting to note that the last few residues of the 162 aa section of the 
T. ferrooxidans NtrC determined in this study -VLITGESGS- (Fig. 5.4) are 
homologous to the residues at the start of the central region which is conserved 
between NtrC proteins and NifA proteins (Buikema et al., 1985; Drummond 
et al., 1986). 
The linkage of the T.ferrooxidans ntrC gene to the T.ferrooxidans glnA gene is 
unlikely. The T.ferrooxidans glnA gene is located within 2,25- and 2,35-kbp Pstl 
fragments and these have been shown to hybridize to Pstl fragments of the same size 
from T. ferrooxidans chromosomal DNA (Barros et al., 1985). Experiments were 
carried out to determine whether Pstl fragments of the same size were present on any 
of the cosmid clones which carried the T. ferrooxidans ntrC gene. pTlOl and another 
positive cosmid clone, pT106, were chosen as th~ most likely clones which contained 
DNA inserts representative of a large section of the T.ferrooxidans chromosome 
surrounding the T.ferrooxidans ntrC gene. pT106 shared common restriction 
fragments with pTlOl and therefore was assumed to carry the T.ferrooxidans ntrC 
gene but appeared most dissimilar to pTl O 1 with respect to restriction fragments out 
of the six positive cosmid clones isolated (section 5.2.1). Pstl digests of pTlOl and 
pT106 shared only 15-kbp of common fragments out of the 40-kbp of each cosmid 
clone ( data not shown). However, neither cosmid clone contained a 2,25- or 2,35-kbp 
Pstl fragment which would be present if they contained the T.ferrooxidans glnA gene 
(data not shown). 
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Furthermore, T.ferrooxidans does not appear to have a glnAntrBntrC genetic 
organization since nucleotide sequence analysis of the region immediately 
downstream of the T.ferrooxidans glnA has revealed an ORF (encoding a protein 
with a putative N-terminal signal sequence) which bears no resemblance to any of the 
ntr genes sequenced to date or to any sequence in the available Genbank (Release 62) 
database (data not shown). The ntrC gene is not linked to the glnA gene in R. meliloti 
(Szeto et al., 1987), R. leguminosarum (Filser et al., 1986), or A. tumefaciens 




The ecological niche inhabited by the autotrophic chemolithotroph 
Thiobacillus ferrooxidans is populated by relatively few other bacterial species, thus 
placing a limit on the potential for genetic exchange with other soil bacteria. This 
isolation raises the question as to whether enzyme structures and genetic regulatory 
systems that differ from those in the more extensively studied heterotrophic 
Gram-negative bacteria have evolved in T. ferrooxidans. 
Prior to this study, it had been shown that two key components of nitrogen 
metabolism in T.ferrooxidans - glutamine synthetase and nitrogenase - were 
homologous to corresponding enzymes from heterotrophic bacteria (Rawlings 
et al., 1987; Pretorius et al., 1987). In this study, the ntrA and ntrC genes from 
T.ferrooxidans were identified and cloned in Escherichia coli. These components of 
an Ntr regulatory _system from T.ferrooxidans were shown to act together with 
regulatory proteins from the enteric bacteria E.coli or K. pneumoniae to control 
expression from NtrA-dependent promoters in E.coli. In the context of the current 
understanding of the molecular mechanisms of transcriptional initiation, these results 
indicated that the T.ferrooxidans NtrA was able to combine in a functional complex 
with E.coli RNA polymerase which is believed to form a closed promoter complex at 
each NtrA-dependent promoter. The isomerization to open promoter complexes 
catalyzed by the relevant activator protein (uncharacterized for fdhF, NifA for nijH) 
could be inferred from the successful expression obtained for each system. It is not 
known whether there is a direct protein-protein interaction between the activator 
protein and the NtrA component of the RNA polymerase holoenzyme, although the 
correlation between one or two base changes in the NtrA recognition site and the 
activation specificity of either NifA or NtrC-P04 supports this hypothesis 
(Ow et al., 1985; Buck and Cannon, 1989; Ray et al., 1990). 
These results extended the view that the major components of nitrogen metabolism in 
T. ferrooxidans - at the level of regulation of gene expression, as well as protein 
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structure - were similar to those in other Gram-negative bacteria. This similarity is 
not sufficient for full complementation of some functions in E.coli, such as 
NtrA-dependent growth on arginine as a sole nitrogen source; and the T. ferrooxidans 
NtrA appeared to be not as potent as the E. coli or K. pneumoniae NtrA proteins at 
mediating expression from the K. pneumoniae niftl promoter. Furthermore, the 
T.ferrooxidans glnA does not appear to have all the components of an Ntr regulatory 
system as found in enteric bacteria (see later). Elements of T.ferrooxidans 
physiology other than the systems associated with nitrogen metabolism may show a 
greater divergence from those in other bacteria. An example is transcriptional 
regulation of the T. ferrooxidans recA gene, which has no identifiable consensus 
DNA control elements, such as an SOS box or lex.A binding site (Ramesar 
et al., 1988). 
The functional significance of the DNA control elements (NifA UAS and 
NtrA-dependent promoter) recognized upstream of the T.ferrooxidans niftl gene 
(Pretorius et al., 1987) was supported by the results obtained in this study. Expression 
of the T.ferrooxidans niftl-lacZ fusion in E. coli was NtrA-dependent and activated 
by the K. pneumoniae NifA. NtrC-activated expression from the T. ferrooxidans niftl 
promoter in the presence of an E.coli ntrA gene was also observed. NtrC encoded by 
either E. coli, K. pneumoniae, or T.ferrooxidans ntrC genes could fulfil this function. 
It would be interesting to test expression of the T.ferrooxidans nift{-lacZ fusion in the 
presence of both the cloned T.ferrooxidans ntrA and ntrC genes in an E.coli 
ntrAntrC mutant. Activation by the T.ferrooxidans NtrC in E. coli raises the question 
as to whether NtrC is involved in expression of nif genes in T.ferrooxidans itself. 
The construction of T. f errooxidans ntrC mutants, and the complementation of these 
mutants would provide an answer to this question. However, the difficulty of growing 
T. ferrooxidans on solid laboratory media, the absence of defined mutants, and the 
current rudimentary state of a genetic manipulation system for this organism 
precludes such aR investigation in the immediate future. 
This highlights a major challenge for studies on nitrogen fixation in T.ferrooxidans. 
A fundamental study is required to determine the environmental conditions under 
which T. ferrooxidans is able to carry out this process. Is it possible to grow 
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T. ferrooxidans anaerobically on a nitrogen-free defined solid medium? A major 
question is how T. ferrooxidans obtains enough energy under anaerobic conditions for 
this energetically expensive process, since T. ferrooxidans grows most vigorously 
when producing energy from the oxidation of reduced iron and sulphur compounds 
under aerobic conditions. Aerobic/anaerobic cycles, which were used to demonstrate 
Ni-fixation by T.ferrooxidans (Mackintosh, 1978) are unlikely to prevail in nature. 
The study of T.ferrooxidans genes and their products in E. coli, where the tools of 
recombinant DNA technology can be applied, provides an insight into the molecular 
biology of this organism. Nucleotide sequence analysis of the T.ferrooxidans ntrA 
gene region revealed the presence of an upstream ORFl which is also conserved in 
sequence and position in R. meliloti. The role of the ORFl product is not known, · 
although its conservation in a chemolithoautotroph and a symbiotic bacterium lends 
support to the hypothesis that it fulfils a general "housekeeping" role 
(Albright et al., 1989b). The conservation of ORF3 in T. ferrooxidans, P. putida, 
A. vinelandii, K. pneumoniae, and R. meliloti indicates that the modulation of NtrA 
activity by the products of genes downstream of the ntrA gene observed m 
K. pneumoniae (Merrick and Coppard, 1989) may be a general phenomenon. 
The predicted aa sequence of the T.ferrooxidans NtrA protein is of value as it 
provides further information as to the structural/functional significance of specific aa 
residues in NtrA proteins. NtrA has been shown to be a specialized sigma factor 
which directs expression of genes encoding components of diverse physiological 
processes, not only nitrogen metabolism (section 1.4; reviewed in Kustu et al., 1989). 
Unravelling the molecular mechanism whereby NtrA is able to confer promoter 
specificity and the role of core RNA polymerase in these protein-DNA interactions is 
therefore of high priority. Construction of mutations in the putative C-terminal HTH 
DNA-binding motif, which is highly conserved in all six NtrA protein sequences 
available, and study of expression from mutant NtrA-dependent promoters would 
reveal which doublet, -GG- (-24) or -GC- (-12), this motif recognizes. This approach 
would also pinpoint which region of NtrA is responsible for the presumed second 
DNA-recognition function. Molecular modelling of the amino-acid-side-chain/base 
interactions would follow, and these data would aid interpretation of the 
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3-dimensional structure of an NtrA protein using X-ray crystallography. This would 
be particularly useful if the structure of the NtrA-RNA polymerase complex was to be 
determined. Two-dimensional crystals of E.coli cr70-RNA polymerase have been 
successfully grown on positively charged lipid bilayers, and a low-resolution 
3-dimensional structure has been determined by electron crystallography 
(Darst et al., 1989). 
It is important to note that the cloning strategies for regulatory genes developed in this 
study were based on expression of genes whose products were not essential for 
growth. Positive recombinant E. coli transductants were identified by amplification of 
clearly visible phenotypes (gas formation or increased P-galactosidase activity). In 
contrast, the cloned T. ferrooxidans ntrA or ntrC genes carried on the cosmid gene 
bank vector pHC79 were unable to confer on the respective E.coli ntrA or ntrC 
mutants the ability to grow on arginine as a sole nitrogen source. This illustrates the 
difficulty of identifying heterologous genes, whose products show some functional 
similarity to the original E.coli product, by selection for growth. The techniques 
described in this thesis therefore provide simple methods for the screening of gene 
banks from other bacteria for ntrA and ntrC genes provided these genes are expressed 
in E.coli. 
In this vein, experiments are currently underway to isolate the T. ferrooxidans nif A 
gene by an adaption of the method used to clone the T. ferrooxidans ntrC gene. The 
presence of consensus NifA UAS's (Pretorius et al., 1987), and the demonstration of 
NifA-activated expression from the T. ferrooxidans nifH promoter (this study) point 
to the existence of such a gene in T.ferrooxidans. A T.ferrooxidans cosmid clone 
carrying a nif A gene may contain other linked nif genes. It would be particularly 
interesting to identify a gene encoding a negative regulator of nif expression from 
T.ferrooxidans. The homology observed between NifA proteins from several 
bacteria (such as K. pneumoniae, A. vinelandii, R. meliloti, and B. japonicum -
Buikema et al., 1985; Bennett et al., 1988; Fischer et al., 1988) does not appear to 
extend to the negative regulatory proteins; ie. NifL in K. pneumoniae (Drummond and 
Wootten, 1987) and A. vinelandii (Bali and Kennedy, Eighth International Conference 
on Nitrogen Fixation, 1990) is replaced in R. meliloti by a complex cascade of 
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regulators, including FixK, a homologue of the £. coli regulator Fnr (Batut 
et al., 1989). This is consistent with the idea that Ni-fixation is carried out in each 
organism under different conditions; for example, the symbiotic bacteria fix nitrogen 
in the relatively nitrogen rich nodule environment, while K. pneumoniae requires 
nitrogen-limiting conditions for this process. The primary structure of a 
T.ferrooxidans negative regulator may provide some clues as to what signals mediate 
repression of Ni-fixation in T.ferrooxidans. 
The strategy aimed at cloning the T. ferrooxidans nif A gene requires the development 
of a nitrogen-limited solid medium on which E. coli ntrC mutant ET8556 strains 
containing the T.ferrooxidans nifH-lacZ fusion plasmid pHlac20 are able to grow 
under anaerobic conditions. The use of NFDM (Cannon et al., 1974), supplemented 
with low concentrations of casamino acids and yeast extract, is being investigated. 
Once it has been established that ET8556(pHlac20) cells exhibit low levels of 
expression of ~-galactosidase activity under these conditions (ie. colonies stain a dull 
brown colour after flooding with ONPG), and that ~-galactosidase activity is 
increased in ET8556(pHlac20) cells containing, in addition, the constitutively 
expressed K. pneumoniae nif A gene, it will be possible to screen the T. ferrooxidans 
cosmid gene bank. Positive clones should carry a NtrC-independent transcriptional 
activator of the T.ferrooxidans nifH gene which is active under anaerobic 
nitrogen-limiting conditions. The possibility of re-cloning the T. ferrooxidans ntrC 
gene will be easy to check. Isolation of a NtrC-dependent activator could be 
attempted using a K. pneumoniae nifH-lacZ fusion in£. coli YMClO cells. 
The effect of the cloned T.ferrooxidans ntrA and ntrC gene products on the 
expression of the cloned T. ferrooxidans glnA gene in £. coli would constitute an 
important set of experiments to be carried out. Barros et al. (1985) showed that 
glutamine synthetase activity in£. coli glnAntrBntrC deletion mutant cells containing 
the T. ferrooxidans glnA gene was regulated in response to nitrogen levels. 
Subsequent studies on the expression of £. coli glutamine synthetase activity 
(Magasanik, pers. comm.) have indicated that the use of glutamate in the media 
(which is taken up very poorly by E. coli) and the quantity of glutamine (0,15 mM) 
used for the "low" nitrogen medium in these experiments may not have provided 
sufficient growth for a true reflection of T. ferrooxidans GS activity in response to 
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available nitrogen. The T.ferrooxidans glnA gene shows a consensus -35, -10 
promoter sequence which was overlapped by the only detectable consensus 
NtrC-binding site (repressor site?)(Rawlings et al., 1987). No downstream ntrBntrC 
genes (this study) or any detectable NtrA-dependent promoter sequence (Rawlings 
et al., 1987) were identified, which argues against a classical Ntr system of 
transcriptional regulation as shown for glnA genes from enteric bacteria (section 
1.2.2.1 ). If the results of Barros et al. ( 1985) are correct, other regulatory factors 
encoded upstream of the T.ferrooxidans glnA are responsible for this regulation. 
Alternatively, crosstalk: by other E. coli regulatory factors in the E. coli glnAntrBntrC 
strain may have played a role ( discussed in section 1.5). 
Studies on which factors are required for the expression of the T.ferrooxidans glnA 
gene in E. coli would be greatly facilitated by the construction of a translational fusion 
between the T.ferrooxidans glnA and the lacZ gene. The transcriptional regulation of 
expression of the T.ferrooxidans glnA gene in various E. coli backgrounds could then 
be studied by experiments in parallel: glutamine synthetase assays to measure 
express10n m strains carrying the intact T. ferrooxidans glnA gene; and 
P-galactosidase assays to measure expression from the T. ferrooxidans glnA 
regulatory region without the influence of T. ferrooxidans GS activity on cell 
metabolite balances under different growth conditions. The glnA-lacZ fusion would 
also be useful in E.coli glnA+ strains. 
The functional significance of the putative NtrC-binding site upstream of the 
T.ferrooxidans glnA could be tested directly with the T.ferrooxidans NtrC in E.coli. 
These experiments, however, must await the completion of the nucleotide sequence 
analysis of the T. ferrooxidans ntrC gene and its flanking regions to determine 
whether it is linked to an ntrB-like gene. Evidence for such linkage on the 
recombinant clone pT120 (Fig. 5.3) could be obtained from parallel P-galactosidase 
assays of E.coli ntrB+ntrC ET8556(pHlac20, pT120) cells and E.coli ntrBntrC 
YMCl 1 (pHlac20, pT120) cells [Either of the g lnAntrBntrC strains YMCl 1 (Backman 
et al., 1981) or ET8051 (Tuli et al., 1982) could be used]. If expression of the 
T.ferrooxidans niftl-lacZ fusion was also regulated in response to levels of available 
nitrogen in the E. coli ntrB background one could infer that the product of a cloned 
T.ferrooxidans ntrB-like gene was responsible. 
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NtrA-dependent expression of the T.ferrooxidans glnA-lacZ fusion in the presence of 
the cloned T.ferrooxidans ntrA could be tested in an E. coli ntrA strain, such as THl. 
The effect of the cloned T.ferrooxidans ntrC (and iztrB, if it is linked) gene product 
could be checked in the E.coli YMCll background. E.coli ET6362 (ntrA::TnlO, 
ntrC::Tn5)(Backman et al., 1981) or, more preferably, a strain deleted for the 
glnAntrB genes as well (E. coli YMC23 or YMC27, Backman et al., 1983) would be a 
useful host strain for complementation studies with the cloned T. ferrooxi~ns ntrA 
and ntrC genes together, if necessary. 
Alternatively, the results of Barros et al. (1985) could be confirmed by identifying the 
genetic determinants upstream of the T.ferrooxidans glnA by providing them in trans 
and showing nitrogen regulation. A glnB-Iike gene, which encodes the Prr protein, 
has been identified (Holtel and Merrick, 1988) immediately upstream of the glnA gene 
in R. leguminosarum (Colonna-Romano et al., 1987), B. japonicum (Carlson 
et al., 1985; Martin et al., 1989), A. brasiliense (Bozouklian and Elmerich, 1986), and 
R. capsulatus (Kranz et al., 1990), but glnB and glnA are unlinked in the enteric 
bacteria K. pneumoniae (Holte! and Merrick, 1988) and E. coli (Son and Rhee, 1987). 
The T. ferrooxidans GS is regulated by adenylylation, which implicates the presence 
of a cyclic cascade involving a P11 protein in T.ferrooxidans, however no glnB-Iike 
gene is present within 470-bp upstream of the T.ferrooxidans glnA (Rawlings 
et al., 1987). 
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APPENDIX A 
ESCHERICHIA COLI STRAINS AND PLASMIDS USED. 
E. coli strain Genotype/description 
CSH36 Flacl proA+B+ !!,.(lacpro)supE thi 
ET8045 ntrA208::Tn10 tJacU169 thi strA rhaD 
previously called ET6059 
ET8556 ntrC1488 lacZ::ISI gyrA rbs hutCKc 
FM911 !:ifdhF recA56 !!,.(argF-lac)U169 
GM41 dam thi-1 rel-1 Hfr H 
LKlll laclq lacZ!!,.M15 lacY+ thi-1 
THl MtrA tJacU169 thi-1 endA supE44 hsdR17 
YMClO !!,.lacU169 thi endA hsr hutCKc Pro+ 
YMC22 ntrA208::Tn10 !!,.lacU169 thi endA hsr 
previously called YMC18 
Plasmid Description 
Bluescript SK+ ApR 
Bluescript KS+ ApR 
pACYC184 ClmRTetR 
pBN208 ApR fdhF::lacZ 
pCK3 TetR K. pneumoniae nifAconstitutive IncP 
pEcoR251 ApREcoRI 
pEcoR252 pEcoR251 derivative (PstI site in amp mutated) 
pFB71 . ClmR TetR K. pneumoniae ntrA+ 
pFB514 ClmR K. pneumoniae glnA+ntrB+C+ 
pHC79 ApR cos (pBR322 derivative) 
pIMPll ApR T.ferrooxidans niftl+ 
pMBl ApR K. pneumoniae niftl::lacZ 
pMC1403 ApR lac'2YA 
pUC18 ApR 
pUC19 ApR 
p804 ApR E. coli ntrB+ntrC+ 
a Gift from C. Kennedy 
h Gift from A. Bock 
c Gift from F. Ausubel 
d Gift from R. Haselkom 
Reference/origin 
Miller (1972) 
MacNeil et al. (1982a) 
Pahel and Tyler (1979) 
Merrick (1983)• 
Zinoni et al. (1986)b 
Marinus (1973) 
Zabeau and Stanley (1982) 
de Bruijn and Ausubel (1983)C 
Backman et al. (1981) 
Reitzer and Magasanik (1986) 
Ueno-Nishio et al. (1983) 
Reference/origin 
Stratagene, San Diego 
Stratagene, San Diego 
Chang and Cohen ( 1978) 
Birkmann et al. (1987b)h 
Kennedy and Drummond (1985)a 
Zabeau and Stanley (1982) 
P. Janssen 
de Bruijn and Ausubel (1983)C 
de Bruijn and Ausubel (1981)C 
Hohn and Collins ( 1980) 
Pretorius et al. (1986) 
Buck et al. (1985)a 
Casadaban et al. (1983) 
Norrander et al. (1983) 
Norrander et al. (1983) 
Tuli et al. (1982)d 
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APPENDIXB 
MEDIA, BUFFERS, AND SOLUTIONS 
All media, buffers, and solutions were sterilized by autoclaving at 121°C for 20 min . 
unless otherwise indicated. Heat labile substances were sterilized by filtration through 
0,22 µm membrane filters (Millipore). 
B.l Media 
B.1.1 Acidified TK salts (500 ml)(Tuovinen and Kelly, 1974) 
(NH4)iS04 3 g 
KO ~lg 
K2HP04 0,5 g 
MgS04.7H20 0,5 g 
Ca(N03)i 0,01 g 
Distilled H20 500 ml 
pH was adjusted to 1,6 and the solution was autoclaved. 
B.1.2 Glucose minimal medium (GMM) (1 000 ml) 
Salts solution: K2HP04 10,5 g 
KH2P04 4,5 g 
Na3Citrate 2,5 g 













Each solution was autoclaved seperately, and combined together with the appropriate 
nitrogen source (amino acid or (NH4)iS04) and 1 ml of a filter sterilized solution of 
thiamine (0,005g/ml stock). GGMM contained glucose at a concentration of 20 g/1. 
B.1.3 Luria-Bertani medium (LB) (1 000 ml) 
Bacto tryptone 10 g 
Yeast extract 5 g 
NaCl 5 g 
Distilled water 1 000 ml 
Solid media (LBA) contained 1,5% (w/v) agar. 
B.1.4 NFDM liquid medium (1 000 ml)(Cannon et al., 1974) 
Solution A: MgS04.7H20 0,1 g 
Solution B: 
Solution C: 
Na2Mo04.2H20 25 mg 
FeSO 4. 7H20 25 mg 












Solutions A, B, and C were autoclaved seperately, and then combined with 1 ml of a 
filter sterilized solution of thiamine (0,005g/ml stock). 
B.1.5 TGYEP medium (1 000 ml)(Begg et al., 1977) 
Tryptone 10 g 
Yeast extract 5 g 
~HP~ 5Mg 
KH2P04 9,32 g 





Solutions were autoclaved seperately, combined, and the pH adjusted to 6,5. For solid 
medium 15 g agar was added to the first solution. TGYEPF medium consisted of 11 
TGYEP supplemented with 30 ml NaFormate (1 M stock); TGYEPN consisted of 1 1 
TGYEP supplemented with 40 ml KN03 (1 M stock). TGYEPF overlay plates 
contained 0,8% agar (w/v). 
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B.1.6 TK liquid medium (1 000 ml)(Tuovinen and Kelly, 1974) 
Solution A: (NH4)iS04 3 g 
KCl ~lg 
K2HP04 0,5 g 
MgS04.7H20 0,5 g 
Ca(N03)i 0,01 g 
Distilled H20 500 ml 
Solution B: FeS04.7H20 45 g 
Distilled H20 500 ml 
Adjust to pH 1,8 with H2S04 
Solution A was autoclaved, allowed to cool, and mixed aseptically to filter sterilized 
solution B. After mixing, the pH was adjusted to 1,7 with H2S04. 
B.1.7 YT medium (1 000 ml) 
Bacto tryptone 16 g 
Yeast extract 10 g 
NaCl 5 g 
Distilled water 1 000 ml 
Solid media (YTA) contained 1,5% (w/v) agar. For pUC or Bluescript recombinant 
selection, IPTG (0, 1 ml) and XGal (0,8 ml) were added to 250 ml YT A before 
pouring the plates. 
B.2 Media additives 
Media were cooled to 500C before addition of antibiotics, XGal, or IPTG. Plates 
containing these additives were stored for no longer than one week at 4°C. 
B.2.1 Antibiotics 
Antibiotic stock solutions were as follows : 
Ampicillin (Ap) 100 mg/ml water 
Chloramphenicol (Clm) 20 mg/ml ethanol (96%) 
Tetracycline (Tet) 15 mg/ml ethanol (50%) 
All antibiotics were filter sterilized and stored at -2CJ>C, except for Tet which was 
always made fresh. 
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B.2.2 Amino acids 
Solutions were made fresh before use and filter sterilized. 
L-glutamine (Sodium salt; Mr= 146,1) dissolved completely in distilled H20 at 
concentrations below 0,219 g/10 ml (0,15 M). 
L-arginine (Sodium salt; Mr= 174,2) dissolved completely in distilled H20 at 
concentrations below 0,2 g/10 ml (2%). 
-B.2.3 IPTG (isopropyl-~-D-thio-galactopyranoside) 
IPTG (lOOmM) 23,4 mg 
Distilled water 1 ml 
The solution was stored in aliquots at -7fFC. 
B.2.4 XGal (5-bromo-4-chloro-3-indolyl-~-galactoside) 
XGal (2% w/v) 0,2 g 
Dimethylformamide 10 ml 
The solution was stored in aliquots at -7fFC. 
B.3 Buffers and solutions 
B.3.1 ATP (lOx) (Maniatis et al., 1982) 
Adenosine triphosphate 30 mg 
Distilled water 5 ml 
pH was adjusted to 7,0 with 0,1 N NaOH before making up to 5 ml. Stored in 100 µl 
aliquots at -7fFC. Remainder was discarded once defrosted. 
B.3.2 Denhardt's solution (SOx) (Maniatis et al., 1982) 
Ficoll 1 g 
Polyvinylpyrrolidone 1 g 
BSA (Fraction V) 1 g 
Distilled water to 100 ml 
Filter sterilized and stored in aliquots at -2fFC. 






to 100 ml 
DNAase-free RNAase A was routinely added at a final concentration of 500 µg/ml. 
The solution was stored at 4°C. 
B.3.4 OTT (lM) 
DTT 




B.3.5 EDTA (0,5 M, pH 8,0) (Maniatis et al., 1982) 
EDTA.2H20 168,1 g 
Distilled water to 1 000 ml 
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EDTA will only dissolve when pH has been adjusted to 8,0. (Used approximately 
20 g NaOH pellets for this purpose). 
B.3.6 Ethidium bromide solution 
A solution of 10 mg/ml (2,7-diamino-10-ethyl-9-phenyl-phenanthridinium bromide) 
was made in distilled water and stored in a dark bottle. 
B.3.7 Exo-nuclease III shortening solutions (Henikoff, 1987) 
B.3.7.1 Exo buffer 
Tris/HCl (1 M, pH 8,0) 
MgC12 (0, 1 M) 
Distilled water 
B.3.7.2 Kienow mixture 
Tris/HCI buffer (0, 1 M, pH 8,0) 
MgC12 (1 M) 
Distilled water 
B.3. 7 .3 Ligase mixture 
Ligation buffer (lOx) 
Distilled water 





B.3.7.5 S1 mixture 
S1 buffer (lOx) 
Distilled water 
S1 nuclease (60 U) 
B.3.7.6 S1 stop 
Trisma Base (no HCI) 



















B.3.8 Isopropanol (salt saturated) 
Isopropanol and 5 M NaCl (dissolved in lOmM Tris-HCl and 1 mM EDTA, pH 8,5) 
were mixed at a ratio of 2:1. The precipitated NaCl was allowed to settle out of 
solution, and the upper solvent phase was used. 
B.3.9 Kienow (DNA polymerase I) buffer 
The buffer was made according to the following table and stored at -200C. 
Stock solution Final cone. /10 ml 
Tris-Cl (1 M, pH 7,6) 0,1 M 1 ml 
MgC12 (1 M) 0,1 M 1 ml 
NaCl (5 M) 0,5M 1 ml 
~-mercaptoethanol (14 M) 0,7 M 500 µl 
Distilled water 6,5 ml 
B.3.10 Ligase dilution buffer 
The buffer was made according to the following table and stored at -200C. 
Stock solution Final cone. /10 ml 
Tris-Cl (1 M, pH 7 ,6) 20mM 0,2 ml 
EDTA (0,5 M, pH 8,0) lmM 2 µl 
DTT (0,5 M) 5mM 10 µl 
KCl (1 M) 60mM 0,6 ml 
Glycerol 44% (v/v) 4,4 ml 
Distilled water 4,788 ml 
B.3.11 Ligation buffer (10x) 
The buffer was made according to the following table and stored in aliquots at -700C. 
Stock solution 
Tris-Cl (1 M, pH 7 ,6) 
MgC12 (1 M) 
ATP (0,1 M) 
DTT 
Distilled water 












Phenol (200 g, Merck) was melted at 65°C and 0,3 g of 8-hydroxyquinoline was 
added. The phenol was extracted three times with TE buffer (lOx) or until the pH of 
the aqueous phase was approximately 7 ,6. The phenol was stored under TE buffer 
(lx) at -200C. 
B.3.13 Prehybridization solution 
Stock solution Final cone. 
SSC buffer (20x) (6x) 
SDS (10%) 0,5% 
Denat. SS-DNA (10 mg\ml) 100 µg/ml 
Denhardt's solution (50x) 5x 
EDTA (0,5 M, pH 8,0) lOmM 
Distilled water 
B.3.14 Restriction enzyme buffers (lOx) 
Stock solution 
Tris-Cl (1 M, pH 7,9) 
MgC12 (1 M) 
DTT (0,5 M) 

















The buffers were made using the following table and stored at -200C. 
Salt concentration (mM) 
Stock solution 0 50 100 150 
Tris-Cl 1 ml 1 ml 1 ml 1 ml 
MgCl2 1 ml 1 ml 1 ml 1 ml 
DTT 0,2ml 0,2 ml 0,2ml 0,2ml 
BSA 1 ml 1 ml 1 ml 1 ml 
Glycerol 4,4 ml 4,4ml 4,4ml 4,4 ml 
NaCl - 1 ml 2ml 87,7 mg 
Distilled H20 2,4ml 1,4 ml 0,4 ml 2,4 ml 
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B.3.15 Restriction enzyme dilution buffer 
The buffer was made according to the following table and stored at -200C. 
Stock solution 
Tris-HCl (1 M, pH 7,5) 









Filter sterilize this solution and then add the following constituents: 
~-mercaptoethanol (14 M) 10 mM 7 µl 
Gelatin (10 mg/ml) 100 µg/ml 0,1 ml 
Glycerol 44% (v/v) 4,4 ml 
B.3.16 RNAase A (DNAase-free) 
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A stock of pancreatic RNAase (RNAase A) at 10 mg/ml in 10 mM Tris-Cl (pH 7,5), 
15 mM NaCl was heated to l()()OC for 15 min. This was allowed to cool slowly to 
room temperature before being aliquotted for storage at -200C. 
B.3.17 Smal restriction enzyme buffer (lOx) 
Stock solution Final cone. /10 ml 
Tris-HCl (1 M, pH 8,0) 0,1 M 1 ml 
KCl (1 M) 0,2M 2ml 
MgCl2 (1 M) 0,1 M 1,ml 
OTT (0,5 M) lOmM 0,2ml 
Glycerol 44% (v/v) 4,4ml 
Distilled water 1,4ml 
B.3.18 Salmon sperm DNA (SS-DNA) 
A lOmg/ml solution was made in TE buffer. The DNA solution was sheared by 
repeated passage (12x) through a 18-gauge hypodermic needle. The solution was 
aliquotted and stored at -200C. Immediately before use the DNA was denatured by 
boiling for 10 min followed by cooling on ice. 
B.3.19 SM buffer (lx) (phage A storage, dilution) 
NaCl 5,8 g 
Mg SO 4. 7H20 2 g 
Tris-Cl (1 M, pH 7,5) 50 ml 
2% gelatin solution 
Distilled water 
Autoclaved. 




to 1 000 ml 
4,08 g 
to 10 ml 
Adjusted pH with glacial acetic acid. Autoclaved. 
B.3.21 Sodium phosphate buffer (0,1 M, pH 7,0) 
Solution A: NaH2P04.H20 (0,2 M) 




Solution A (195 ml), Solution B (305 ml), and distilled water (500 ml) were 
combined, and the pH adjusted to 7,0. 
B.3.22 SSC (20x) 
NaCl (3M) 
Sodium citrate (0,3 M) 
175,3 g 
88,2g 
Distilled water to 1 000 ml 
Adjusted pH to 7,0 with NaOH (10 N). Autoclaved. 
B.3.23 Tris acetate buffer (SOx) 
Tris base 
Acetic acid 
EDTA (0,5 M, pH 8,0) 
Distilled water 
B.3.24 TE (Tris-EDT A) buffer (lOOx) 
Tris base 





to 1 000 ml 
121 g 
200ml 
to 1 000 ml 
Adjusted pH to 8,0, autoclaved, and diluted with sterile water before use. 
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B.3.25 TSB solution 
LB 150 ml 
pH to 6,1 with approximately 0,5 ml 0,1 M HCL 
PEG 4000 15 g 
Dispensed in 20 ml aliquots and autoclaved. Added DMSO (5% final), 
MgS04 (10 mM final), MgCI2 (10 mM final), and, when necessary, glucose (10 mM 
final) immediately before use. 
B.3.26 Z-buffer (pH 7 ,0) 
Stock solution Final cone. /1 000 ml 
Na2HP04.12H20 60mM 21,49 g 
NaH2P04.H20 40mM 5,52 g 
KCl lOmM 0,75 g 
MgS04.7H20 lmM 0,246 g 
J3-mercaptoethanol (14 M) 50mM 3,6 ml 
Distilled water to 1 000 ml 
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C.1 DNA preparation 
C.1.1 Extraction of chromosomal DNA from T. ferrooxidans 
Cells were inoculated into two litres of TK medium (Appendix B.1.6), and incubated 
at 300C with constant aeration until the iron was completely oxidized (approximately 
10 d). The cells were harvested by centrifugation at 10 000 rpm for 10 min, and 
washed twice in acidified TK salts (Appendix B.1.1). The pellets were resuspended 
in 4 ml of a 25% sucrose, 2 mM EDTA, 50mM Tris-HCl (pH 8,0) solution, and 
incubated at -200C for 1 h. Proteinase K (1 mg/ml final concentration) was added to 
the frozen suspension, and the samples were shaken gently at room temperature until 
they thawed. SOS was added to a final concentration of 1 %, and the samples were 
kept on ice for 15 min, followed by RNase (50 µg/ml) digestion for 20 min at 37°C. 
The viscous, opaque and often brown-coloured samples were dialysed at room 
temperature against numerous changes of TE buffer (pH 8,0) until they became 
translucent (24 - 60 h). The samples were purified of proteins by three phenol-
chloroform-isoamyl alcohol (25:24:1) extractions followed by two diethyl-ether 
extractions. The DNA purification procedure was completed by an overnight dialysis 
against TE buffer (pH 8,0), at room temperature. 
C.1.2 Plasmid preparation: small scale (miniprep) 
Plasmid was isolated from a 5 ml overnight culture (LB+ Ap, 100 µg/ml) using an 
adaption of the method of Bimboim and Doly (1979) as described by Ish-Horowicz 
and Burke (1981). Cells from a 1,5 ml sample of the culture were harvested by 
centrifugation in an Eppendorf microfuge tube for 1 min. The pellet was resuspended 
in 200 µl Solution I (50 mM glucose; 25 mM Tris-HCl, pH 8,0), incubated for 5 min 
at room temperature, and then 400 µl of Solution II (0,2 M NaOH, 1 % (w/v) SDS) 
was added. The sample was vortexed briefly and placed on ice for 5 min, before the 
addition of 300 µl ice-cold Solution III (5 M KOAc, pH 4,8). The sample was 
vortexed briefly, and, after 5 min on ice, cellular debris and denatured chromosomal 
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DNA were pelleted by centrifugation for 10 min. The supernatant (700 µl) was 
removed to a fresh tube and sedimented with an equal volume of isopropanol by 
centrifugation for 5 min. The pellet was resuspended in 540 µl TE buffer (pH 8,0), 
and 60 µ15 M NaC104 was added. The DNA was resedimented with an equal volume 
of isopropanol by centrifugation for 5 min, washed with 70% ethanol, air dried, and 
resuspended in 50 µI TE buffer (pH 8,0). 
C.1.3 Plasmid preparation: Rapid miniprep for sizing exonuclease III sl).ortened 
clones 
This method enabled processing of at least 48 clones from bacterial colony to sized 
plasmid within 12 h. Best results were obtained for preparation of plasmids which 
replicated at a high copy-number, such as those derived from the pUC or Bluescript 
vectors. E. coli cells were inoculated from a colony into 500 µI YT medium 
(+antibiotic) in an Eppendorf tube and incubated with agitation for 6 hat 37°C. After 
incubation, the cells were pelleted by centrifugation for 2 min. The pellet was 
resuspended in 60 µl STE buffer (100 mM NaCl; 20 mM Tris pH7,5; 10 mM EDTA). 
An equal volume of phenol-chloroform (1:1) was added, the sample was vortexed for 
15 sec, and then centrifuged for 5 mins. Approximately 40 µ1 of the aqueous phase 
was transferred to a fresh tube. A 10 µl sample + 5 µl loading buffer (containing 
lmg/ml DNase-free RNAase A)(Appendix B.3.16) was loaded on a 0,8% agarose gel . 
and electrophoresed for 5 h at 70 volts. The distance moved by the fastest-migrating 
band (covalently closed circular DNA) was inversly proportional to plasmid size. 
Preparation by the same method of control plasmids of known size ( eg. parental 
plasmid used for exonuclease Ill shortening [5,6-kbp] and vector [2,8-kbp]) and 
electrophoresis of these on the same gel provided a rapid method to identify 
exonuclease ill shortened clones of a specific size. Plasmid prepared by this method 
was not suitable for restriction endonuclease digestion. 
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C.1.4 Plasmid preparation: large scale (maxiprep) 
A 200 ml culture was grown overnight at 37°C in the presence of the appropriate 
antibiotic. The cells were harvested by centrifugation at 6 000 g for 5 min and then 
resuspended in 4 ml Solution I. After 5 min at room temperature 8 ml Solution II was 
added, and the mixture was kept on ice for 5 min, before the addition of 6 ml ice cold 
Solution III. After a further 5 min on ice the cellular debris was removed by 
centrifugation at 27 000 g for 15 min. An equal volume of isopropanol was added to 
the supernatant and the DNA was precipitated by centrifugation at 27 000 g for 
10 min. The pellet was washed with 70% ethanol, resuspended in 4,2 ml TE buffer 
(pH 8,0), and purified by isopycnic CsCl-EtBr ultracentrifugation 
(Maniatis et al., 1982). The plasmid preparation was prepared for ultracentrifugation 
by the addition of CsCl (1,3 mg/ml final cone.) and EtBr (0,5 ml of a 10 mg/ml stock). 
The solution was centrifuged at 25 000 g for 15 min to precipitate any remaining 
protein debris. The refractive index of the supernatant was adjusted to 1,394, the 
sample sealed in Beckman Quickseal ultracentrifuge tubes and centrifuged for 12 hat 
55 000 rpm at 15°C in a Beckman Vti 65.2 rotor. The plasmid DNA band was 
visualized by long wave UV light (350 nm), and removed in the smallest volume 
possible. The EtBr was removed by extraction (3 times) with equal volumes of 
NaCl-saturated isopropanol (Appendix B.3.8). The DNA was precipitated from the 
CsCl solution by the addition of two volumes of water followed by an equal volume 
of isopropanol, and centrifugation in an Eppendorf microfuge for 15 min. The pellet 
was washed in 70% ethanol, resuspended in 200 µl TE buffer (pH 8,0), and the 
concentration was determined spectrophotometrically by measuring the absorbance of 
10 µl ( diluted in TE) between 220 and 310 nm. The concentration was determined 
by using the relationship A260 = 1 for 50 µg/ml double-stranded DNA. 
C.2 Restriction endonuclease digestion 
Restriction digests were carried out using one of the four restriction buffers 
(Appendix B.3.14) according to the salt requirements of the particular enzyme. The 
enzyme Smal required a unique buffer (Appendix B.3.17). Digestion volumes were 
routinely 20 µl containing 300 - 500 ng DNA and one unit of restriction enzyme. 
Digestions were done at 37°C (most enzymes) for 1 h. Concentrated enzyme stocks 
were diluted to 1 or 2 units using universal restriction enzyme dilution buffer 
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(Appendix B.3.15). For electrophoretic analysis, the digestions were terminated by 
the addition of 5 µ1 DNA loading solution (Appendix B.3.3) to the 20 µ1 digestions. 
If the sample was to be used for ligation the digestion was terminated by a 
phenol-chloroform extraction. The DNA solution was extracted with the addition of 
phenol (1/10 volume, TE-saturated) and an equal volume of chloroform:isoamyl 
alchohol (24:1). The mixture was vortexed briefly, and the two phases were separated 
by centrifugation. The aqueous phase was extracted twice with 
chloroform:isoamyl alchohol (24:1). The DNA was precipitated by the addition of 
5M NaC104 (1/10 volume), an equal volume of isopropanol, and 15 min 
centrifugation. If the DNA concentration was less than 2 µg/100 µl, E. coli tRNA 
was added (2 µg) before precipitation. After centrifugation the pellet was washed 
with 70% ethanol and resuspended in TE buffer (pH 8,0). When necessary, 
5'-protruding termini produced from restriction endonuclease digestion were 
"filled-in" using the Kienow fragment from E. coli DNA Polymerase I (Amersham). 
Routinely, 0,5 µg DNA was incubated with 0,5 U Kienow (Amersham) in Kienow 
buffer (Appendix B.3.9) with 0,25 mM of each dNTP in a volume of 25 µlat 37°C for 
10 min. The reaction was terminated by a phenol-chloroform extraction. 
C.3 Agarose gel electrophoresis 
Agarose gel electrophoresis was carried out using a horizontal submerged gel system. 
Tris-acetate buffer (Appendix B.3.23) was used routinely. Sigma type II agarose was 
used at varying concentrations. The amount of DNA loaded/lane also varied with the 
sizes and number of fragments but under normal circumstances about 300 ng of 
plasmid DNA was used. The gels were electrophoresed at 2 V/cm for 16 h. Gels 
were stained in electrophoresis buffer containing EtBr (0,5 µg/ml) for 15 - 30 min. 
DNA bands were visualised using a 254 nm transilluminator. A 310 nm 
transilluminator was used if the DNA was to be recovered from the gel. Gels were 
photographed using a Polaroid CU-5 Land camera fitted with a red filter and a fixed 
focal length attachment. Polaroid type 667 film (ASA 3 000) was used with an 
exposure time of 1-2 sec at f4.7. If a negative was required then a Polaroid type 665 
film (ASA 64) with an exposure of 120-140 sec at f4.7 was used. 
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C.4 DNA ligation reactions 
DNA ligation reactions were of two basic types: recircularization of plasmids for the 
isolation of deletion clones (low DNA concentrations, 1 pmole DNA/ml) and 
recombination reactions, for example m subcloning (5 pmole DNA/ml). 
DNA concentration was calculated using the formula 1 pmole = (0,662 x kbp)µg. 
Ligation reactions containing DNA, ligation buffer (Appendix B.3.11) and water to 
the required volume, were performed in sterile microfuge tubes. Sticky-end ligations 
were performed at room temperature for 3 h or at 15°C overnight using 0,1-0,25 U of 
ligase, whereas blunt-end ligations were performed at room temperature for 3-20 h 
using 20-100 x more ligase. 
C.5 Subcloning protocol 
The rapid subcloning protocol of Strohl (1985) was used. The DNA fragments were 
separated by electrophoresis through low melting point (LMP) agarose (1 %) 
(SeaplaqueR) in Tris-acetate buffer (50 mM, pH 8,2, no EDTA, no EtBr). The gel 
was stained with EtBr after electrophoresis and the DNA bands were viewed under 
UV light (310 nm), as briefly as possible. The desired bands were excised using 
sterile scalpel blades in as small a volume as possible. The gel slices were melted at 
700C for 5 min in a microfuge tube and the required amounts (2 µl vector DNA, 
8 µl insert DNA) were added hot to the prepared ligation mixture containing ligation 
buffer, ligase and water (10 µl). The ligation was incubated at room temperature for 
3 h. Before transformation of E.coli competent cells, the gelled ligation reaction was 
melted at 7f'PC for 5 min, and then diluted with 4 volumes of TSB solution 
(Appendix B.3.25). 
C.6 The preparation and transformation of competent E. coli cells 
E. coli cells were made competent for DNA uptake according to the method of Chung 
and Miller (1988). A 1/100 dilution of an overnight E.coli culture in LB was 
inoculated into 25 ml prewarmed LB and incubated at 37°C, with shaking, until the 
culture had reached early exponential phase (OD(j()() = 0,3-0,6)(2-4 h). The cell 
culture was poured into a pre-cooled sterile SS34 tube and the cells were harvested at 
8 000 g for 5 min at 4°C. The cell pellet was resuspended in 2,5 ml (1/10 volume) 
ice-cold transformation and storage buffer (TSB) and held on ice for 10 min. The 
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E.coli cells (100 µl) were then mixed with DNA (routinely 50 ng) and held on ice for 
a further 30 min. TSB solution (0,9 ml) containing glucose (20 mM) was added to 
each transformation mixture and incubated at 37°C for 60 min, to allow expression of 
the plasmid borne antibiotic marker. Unused cells could be stored at -700C after rapid 
freezing in a dry ice/ethanol bath or liquid nitrogen, and retained viability provided 
that the cells were thawed slowly on ice when needed. 
C.7 Transduction of E.coli cells with the T.ferrooxidans pHC79 cosmid gene 
bank 
The T. ferrooxidans pHC79 cosmid gene bank was stored as a phage lysate above 
chloroform at 4°C (R. Ramesar, PhD thesis, University of Cape Town, South Africa, 
1988). Recipient E.coli cells were grown overnight in 25 mls LB medium containing 
0,25% (w/v) maltose. A sample of 1 ml was sedimented by centrifugation in an 
Eppendorf microfuge, resuspended in 10 mM MgS04, and placed at room 
temperature for 1 h. A 10 µl sample of an appropriate dilution 
(routinely l0-7 or 10-6 in SM buffer; Appendix B.3.19) of the cosmid gene bank phage 
lysate was mixed with 200 µl of cells. Incubation was continued at 37°C for 30 min, 
and followed by the addition of 1 ml of LB and a further 60 min incubation at 37°C. 
Samples of 100 µI were plated onto the appropriate agar plates. 
C.8 Nucleotide sequencing 
C.8.1 Primer annealing reaction 
The supercoiled DNA (6-10 µg, in TE buffer, pH 8,0) was diluted to a final volume of 
20 µI in distilled water. Alkaline denaturation in 0,2 N NaOH (5 min at room 
temperature) was followed by the addition of 5 µI of 3M sodium acetate (pH 5,2), 
25 µI of distilled water and 150 µI of ethanol. This mixture was chilled to -700C, 
centrifuged at 4°C for 20 min in a microfuge and washed with 200 µI of ethanol 
(70%). The DNA pellet was dried and resuspended in a final volume of 10 µI of 
sequencing buffer (40 mM Tris-HCl, pH 7,5; 20 mM MgC12; 50 mM NaCl) and 
12 ng of primer. This mixture was annealed for 30 min at 400C immediately prior to 
sequencing. The primers used were the forward sequencing primer as supplied in the 
"Sequenase" DNA sequencing kit (US Biochemical Corp., Cleveland, Ohio) and the 
MI3 reverse sequencing primer (Amersham). 
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C.8.2 Sequencing reactions 
DNA sequencing was done by the dideoxy chain termination method of 
Sanger et al. (1977) according to the protocol of Tabor and Richardson (1987), using 
T7 DNA polymerase and a "Sequenase" sequencing kit supplied by the 
US Biochemical Corporation, Cleveland, Ohio. The DNA chain was radiolabelled 
with [a-35S]dATP (1200 Ci/mmol; Amersham). 
C.8.3 Gel electrophoresis and autoradiography 
The sequencing reactions were analyzed on standard 6% denaturing acrylamide urea 
sequencing gels. The composition and running conditions of the gels were as 
described in the Amersham M13 Sequencing Handbook. After electrophoresis the 
gels (0,2mm thick) were dried onto Whatman No. 3 filter paper using a Dual 
Temperature Slab Gel Dryer (Model 1125B; Hoefer Scientific Instruments, 
San Francisco). Gels containing 35S-labelled DNA were placed under XAR-5 
autoradiographic film and exposed for 1-2 d. The autoradiographs were developed 
using Kodak GBX X-ray developer and fixer. 
C.9 Radioactive labelling of DNA probes 
DNA probes were labelled with [a-32P]dCTP to high specific activity by 
nick-translation (Rigby et al., 1977). The reagents were obtained in kit form 
(Amersham) and used according to the suppliers specifications. Contaminating 
nucleotides were removed from the radioactively labelled probe preparation using a 
Sephadex G50 spin column as described by Maniatis et al. (1982). Radioactively 
labelled probes were stored in lead containers at -200C. Probes were denatured by 
boiling (5 min) in a fume hood just before use. 
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C.10 DNA hybridization 
DNA fragments resolved by agarose gel electophoresis were transferred to a 
Hybond-N+ hybridization membrane (Amersham) essentially by the protocol of Reed 
and Mann (1985). The use of a nylon transfer membrane allows the capillary transfer 
of DNA restriction fragments in alkali rather than in neutral, high ionic strength 
solvents (used in conventional Southern transfer), and eliminates the need for 
post-transfer fixation (Reed and Mann, 1985). After electrophoresis the gel was 
rinsed in two volumes of HCl (0,25 M) for 20 min at room temperature with gentle 
agitation, followed by a brief rinse in distilled water. The gel was then placed on top 
of two sheets of Whatman 3 MM filter paper (wetted with 0,4 N NaOH, and placed on 
top of an inverted gel-casting tray in a plastic box, such that the filter paper touched 
the base of the box, forming a wick), and was flooded with 50-100 ml of 
0,4 N NaOH. A sheet of Hybond-N+, wetted by floating onto, and then immershed in, 
distilled water was placed on top of the gel, and any air bubbles were removed. Three 
sheets of Whatman 3 MM filter paper, wetted in 0,4 N NaOH, were laid onto the 
membrane, followed by a 4 cm thick layer of absorbent paper. A light weight was 
placed on top of this, and transfer left to continue overnight. After transfer, the 
membrane was removed and rinsed for 20 min in 2 x SSC (Appendix B.3.22). 
Hybridization and washing conditions were essentially according to Maniatis et al. 
(1982). The membrane was gently shaken in pre-hybridization solution 
(Appendix B.3.13) for 4 h at 65<>C, while the probe was being prepared. The 
radioactively-labelled probe to be used was denatured by boiling for 5 min and was 
added to the pre-hybridization fluid. Hybridization was carried out at 65°C overnight. 
The membrane was washed in decreasing concentrations of SSC (lx - O,lx) at 650C 
for 20 min each, and, after checking the radioactivity by means of a Geiger-counter, 
the washing was terminated and the membrane sealed in a plastic bag. The membrane 
was exposed to autoradiographic film (XAR-5) at -700C. 
APPENDIXD 
MOLECULAR WEIGHT MARKER 
Agarose gel electrophoresis 
Phage Lambda DNA: Pstl restriction fragments 
Fragment No. size (base pairs) 

































ONE- AND THREE-LETTER CODES USED FOR AMINO ACIDS 
Amino acid Codes Code Amino acid 
Alanine Ala A A Alanine 
Arginine Arg R C Cysteine 
Asparagine Asn N D Aspartic acid 
Aspartic acid Asp D E Glutamic acid 
Cysteine Cys C F Phenylalanine 
Glutamine Gin Q G Glycine 
Glutamic acid Glu E H Histidine 
Glycine Gly G I Isoleucine 
Histidine His H K Lysine 
Isoleucine Ile I L Leucine 
Leucine Leu L M Methionine 
Lysine Lys K N Asparagine 
Methionine Met M p Proline 
Phenylalanine Phe F Q Glutamine 
• 
Proline Pro p R Arginine 
Serine Ser s s Serine 
Tirreonine Tirr T T Threonine 
Tryptophan Trp w V Valine 
Tyrosine Tyr y w Tryptophan 
Valine Val V y Tyrosine 
Groups of amino acids based on conservative substitutions 
( used for amino acid sequence alignments) 
i) I, L, M, V vi) F,Y 
ii) D,E,N,Q vii) C 
iii) K,R,H vi) p 




PLASMID VECTOR MAPS 
Maps show restriction enzymes (6 bp recognition) with a maximum of two sites. 


























Xbol < Sep! 
Kap8J2J 
1500< llh11111 < Eco671 




BonH / BapHI < Banll 
2000 
NapHI / Sphl 
EcaNI 
Chang and Cohen (1978) 
Droll < Bbvll < Pl8I < EcoRI < 3348 
Ahall < AatJI 



















pEcoR251 is a positive selection vector used routinely by insertional activation of the 
















Banll / Sacl 
Smol < Aval / Kpnl / Xmal 
BamHI 
Xbal 
Hlncll < Accl < Sall 
Pitt 
HlndlU < Sphl 
~ 
Pvull 
pUC18 differs from pUC19 in the orientation of the multiple cloning site (MCS) 
polylinker between the EcoRI and HindIII sites. 
The forward primer (-40) (5'-GTT TIC CCA GTC ACG AC-3') is situated on the 
EcoRI side of the MCS in pUC19. Norrander et al. (1983). 
Oral 
Ahall 















l(pnl < CviQI / Real 
Apal / Banll / Pnl < Drall 
Sell < Aval / Xhol 
Hlncll < h:cl < Sall 
Hlndlll < Clal 
EcoRI < EcoRV 
BScript-SK 
BamHI < Smal < Aval / Xmal < Pat 
Spel 
bal 
Geul < Notl / Xmalll 
BatXI < Sacll < Dsal 




Map of Bluescript SK+. Bluescript KS+ differs in the orientation of the MCS 
poly linker between the Kpnl and Sad sites. The forward primer ( -40) is situated on 
the Kpnl side of the MCS of SK+. Stratagene, San Diego. 
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